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ABSTRACT
A NEW STRAT IGRAPHIC AND STRUCTURAL INTERPRETATION
OF GRANULITE-FACIES METAMORPHIC ROCKS IN THE
BRIMFIELD-STURBRIDGE AREA, MASSACHUSETTS AND CONNECTICUT
SEPTEMBER 1989
HENRY NEWHALL BERRY IV, B.A. , WESLEYAN UNIVERSITY
M.S., UNIVERSITY OF MAINE
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Peter Robinson
New detailed mapping in Acadian granulite-facies
rocks of the Brimfield-Sturbridge area has identified
pre-Silurian and Silurian strata. The pre-Silurian rocks
are assigned to the Leadmine Pond Gneiss, named herein,
which is dominated by plagioclase-quartz-biotite gneiss,
commonly with interlayered amphibolite or pyroxene gran-
ulite
.
Subordinate schist
,
quartzite, calc-silicate
granulite , and marble are interlayered . The Leadmine
Pond Gneiss represents the local sialic basement of the
Merrimack belt. Possible correlatives include the Monson
Gneiss to the west, or the Nashoba or Cushing Formations
to the east.
The Silurian rocks are correlated with the Rangeley
sequence of New Hampshire and Maine. The lower Rangeley
contains thin units of white, sulfidic schist and layered
* » •Ylll
calc-silicate granulita similar "to formations higher in
the sequence
.
The basement and cover together are repeated in a
series of thin slices interpreted to comprise a thrust-
duplex stucture
.
Stratigraphic offset implies east-side-
up motion on the faults. The thrusting, which pre-dates
peak metamorphism, is assigned to the west-directed
nappe-stage of Acadian deformation. After intrusion of
tonalite and metamorphism to about 700<>C and 6.5 kbar,
the region was overturned to the east in a major back-
folding event. Associated features include west-plunging
lineation, asymmetric shear fabrics, and mylonite zones,
all with a west-side-up shear sense. The last major
phase of deformation included asymmetric, upright folds
and a shallow-plunging sillimanite lineation.
The first occurrence of wollastonite in central
Massachusetts is documented, from an anorthite-diopside-
quartz-calcite-scapolite rock. Mineral textures and
phase relations suggest the following: 1 ) anorthite +
calcite reacted to form scapolite in small areas of the
rock which contain sodium. 2) Calcite + quartz reacted
to form wollastonite, perhaps by a drop in Xco2 . 3)
Grossular-rich garnet formed simultaneously from wol-
lastonite + anorthite, and from anorthite + quartz +
calcite- With increasing pressure and temperature, the
fluid composition was buffered and the garnet composition
ix
became more calcic by continuous reaction. The resulting
P-T path is counterclockwise, consistent with previous
results from politic schists.
x
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CHAPTER 1
INTRODUCTION
Purpose
The recent bedrock geologic maps of Massachusetts
(Zen et al.
,
1983) and Connecticut (Rodgers, 1985) both
are accompanied by a regional cross-section which passes
through the Brimfield-Sturbridge area. The significant
difference between the two cross-sections demonstrates
that at the time the maps were compiled, it was difficult
to fit the older data into an emerging modern framework.
Stratigraphic revisions based on correlation to western
and central Maine were underway in Massachusetts (Field,
1975; Robinson, 1979; Robinson, 1981), but incomplete.
Between the time the state maps were compiled and pub-
lished, work in New Hampshire produced a new regional
stratigraphic interpretation for Silurian and Devonian
rocks there (Hatch et al. , 1983). The work in New Hamp-
shire suggested a similar revision for central Massachu-
setts should be considered. The primary objective of the
present study was to explore the consequences of these
new stratigraphic concepts for the Brimfield-Sturbridge
area, including detailed remapping and possible correla-
tion to the north.
1
Another objective was to study the several belts of
feldspathic gneisses known in the area (Peper et al .
,
1975). Some of them were tentatively interpreted as
metamorphosed volcanics, and others were considered to be
metamorphosed intrusive bodies. Similar volcanics had
not been reported in the Silurian-Devonian sequence of
New Hampshire. The origin and stratigraphic position of
the gneisses were specific problems to be addressed by
this study.
Beyond resolving local stratigraphic and geometric
incompatibilities between various maps and cross-sec-
tions, the second phase of this work was to evaluate
tectonic models which might have produced the interpreted
sequence of deformational and thermal effects. Despite a
wealth of accumulated knowledge about the geology of
central New England, it is uncertain how all the observed
effects of deformation and metamorphism fit a plate-
tectonic model. A major feature to be explained is the
broad region of high-grade metamorphism in south-central
Massachusetts and northern Connecticut , which includes
the highest grade Acadian metamorphic rocks in North
America.
LnnatinTi arid Physiography
The study area is in south-central Massachusetts and
adjacent Connecticut (Figure 1.1). It has an irregular
shape, roughly 14 miles (24 km) north-south, and up to 7
2
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Previous work: 1. Monadnock (Thompson, 1985); 2. Peterborough (Duke, 1984); 3. Fitchburg
(Peper, 1976); 4. Sterling (Hepburn, 1976); 5. Worcester (Grew, 1973); 6. Warren-East Brookfield
(Pomeroy, 1977; 1975); 7. Palmer-Monson (Peper, 1966; 1967; VJL. Peterson, in progress); 8. Ware
(Field, 1975); 9. North Brookfield (M.T. Field, unpub. data); 10. Quabbin Reservoir (Robinson,
1967b); 11. Orange (Robinson, 1963); 12. Tully (Pike, 1968); 13. Templeton (D'Onfro, unpub. data);
14. Wales (Seiders, 1976); 15. Southbridge (Moore, 1978); 16. Westford, (Peper and Pease, 1975); 17.
Eastford (Pease, 1972); 18. Stafford Springs (Pease, 1975); 19. South Coventry (Fahey and Pease,
1977); 20. Ashburnham-Ashby (Peterson, 1984); 21. Barre (Tucker, 1977).
Figure 1.1 Location and previous work. Brimfield-
Sturbridge area is shown by diagonal ruling.
3
miles (11 km) east-west. Bedrock outcrop in this area
provides good exposure of all geologic units as well as
many of the contacts between units.
Bedrock exposures in parts of the Massachusetts towns
of Brimfield, Wales, Holland, and Sturbridge, and the
Connecticut towns of Ashf ield, Stafford, and Onion were
studied. They are covered by the Warren, Mass. ; Wales,
Mass. -Conn. ; Southbridge, Mass. -Conn. ; and Westford,
Conn. 7 1/2 ' quadrangle maps of the U.S. Geological
Survey topographic map series (Figure 1.1). The new
Wales, Mass. -Conn. 7 1/2' x 15' quadrangle covers the
combined area of the older Wales and Southbridge 7 1/2 '
quadrangles
.
Major roadways in the area include the Massachusetts
Turnpike, which forms part of the northern boundary;
Interstate 84 (formerly Interstate 86), which forms part
of the southeastern boundary; and U.S. Route 20, which
trends easterly through the northern part of the area.
The topography is dominated by north- to northeast-
trending ridges and valleys. Topographic relief on indi-
vidual features is small, typically less than fifty feet,
but taken together they define a strong topographic trend
characteristic of the region. This trend is prominent on
the 1:1,000,000 scale topographic relief map of the Appa-
lachians (Wise and Grady, 1985), and on the 1:250,000
NASA Skylab Satellite Photomap (D.S. Geological Survey,
4
1973). This north-northeast, topographic trend is caused
primarily by the consistent strike of bedrock layers with
different erosional resistance, that is present even to
the scale of individual beds in single outcrops. A sec-
ondary topographic trend is produced by north-northwest
-
trending hills and ridges with poor bedrock exposure,
interpreted to be drum!ins and other glacially molded
landforms
.
Major bedrock hills include Chamber1in Mountain,
Rattlesnake Mountain, Burley Hill, Stickney Hill, Bald
Hill, Janes Hill, Blake Hill, and Leadmine Mountain
(Figure 1.2). In general, outcrops are abundant on the
east and south sides of these and many smaller hills.
West-facing slopes generally conform to the dip of
bedrock layering, and exposures there are either absent
or of limited usefulness.
In some places, the abundance of outcrop is virtually
negated by dense thickets of laurel. Especially on dry,
rocky ridges, large patches of laurel present an impen-
etrable obstacle. This is epitomized by the officially
designated Laurel Sanctuary of the Nipmuck State Forest,
on Snow Hill, south of Connecticut Route 190. Poison
ivy, insects, and lichen are mere nuisances by
comparison
.
Most of the study area is within the drainage basin
of the Quinebaug River, which flows eastward through the
5
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Figure 1.2 Cultural and physiographic features.
6
East Brimfield Reservoir, -then out the northeast side of
the area. South of a divide across Burley Hill, Stickney
Bill, Bald Hill, and Snow Hill in the southern part of
the field area, drainage is southward toward the Willi
-
mantic River. Most lakes and ponds, such as Hamilton
Reservoir, Holland Pond, East Brimfield Reservoir, Long
Pond, Moore Pond, Upper Pond, Mew Pond, Mathews Pond, and
Morey Pond are controlled by dams. Interestingly, the
largest bodies of water in the area, Hamilton Reservoir
and East Brimfield Reservoir, cut across the dominant
north-northeast-trending topographic grain.
Methods
Field methods
The geologic map (Plate 1) presents an interpreta-
tion, based on bedrock outcrops, of the distribution of
rock units and their contact relationships. Precise
location of outcrops on the map is especially important
in this field area where rock units are thin, contacts
are straight, and significant interpretations are drawn
from small angles and mis-alignments between contacts
.
In the field, outcrops were located on topographic maps
primarily by comparison of topographic features to the
map, supplemented by pacing distances from known loca-
tions. In regions of low relief or where topographic
features were not distinctive, locations were based on
the paced distance along a compass bearing from a known
7
point. On featureless hillsides and other places where
it was practical, elevations of outcrops were determined
with a pocket altimeter adjusted repeatedly at known
elevations. By this combination of methods, all outcrop
locations are considered accurate to within 100 feet, and
most are reliable to within 20 feet. Where the location
of an outcrop is important to the interpretation, special
care was taken in its proper location.
Once an outcrop had been located, the top priority
was to record the rock type, including mineralogy, tex-
ture, thickness and style of layering, weathering char-
acter, and other distinctive features. In most cases
this required breaking several pieces from the outcrop to
expose fresh rock beneath lichen and the weathered sur-
face. Some of the best exposures were from large weath-
ered surfaces covered by dirt and moss which were cleaned
with a broom and a stiff brush. Samples of interesting
or baffling rocks were collected for petrographic analy-
sis. The orientations of structural features, such as
layering, foliation, lineation, fold hinges, and axial
surfaces were measured and recorded . Sketches were drawn
to demonstrate mineral textures, structural relation-
ships, locations of samples or measurements, or relative
positions of closely spaced outcrops.
The areas visited in this study were selected in
large part on the basis of previous geologic maps, and
8
tailored to the goals of this project- Previous workers
had recognized that certain rock types were present in
several places across strike. The fundamental question
to be answered was whether they were originally the same
stratigraphic interval structurally repeated, or the same
rock type in different stratigraphic positions deposited
at different times. The hope was that a distinctive se-
quence of rocks could be identified which would be recog-
nizable if structurally repeated. In contrast, one rock
type deposited at two different times might be enclosed
by two different sequences of rocks. Therefore, field
work was geared toward examining each of the many units
described by previous workers, concentrating on areas
where contacts between units and complete sequences of
units might be exposed so that the possibility of struc-
tural repetition could be evaluated,
nnmmflnt on Maps
O.S. Geological Survey 7 1/2' quadrangle topographic
maps were used for routine field work. Unfortunately
,
maps for the four quadrangles of this study area are not
all currently available at a single scale or contour
interval. Quadrangles within Massachusetts are published
at a scale of 1:25,000, quadrangles within Connecticut
are published at 1=24,000, and quadrangles partly in both
states are published at both scales. All of the quad-
rangles now published at 1:25,000 were originally scribed
9
at 1:24,000, but the Massachusetts quadrangles at that
scale are now out of print. In addition to publishing
adjacent quadrangles at incompatible scales, the Survey
has recently replaced the old Wales and Southbridge 7
1/2' quadrangles with the new Wales 7 1/2' x 15' double
quadrangle with a contour interval of 3 meters instead of
the 10-foot contour interval of previous maps, which is
still used on the Westford, Connecticut sheet.
In another complication, the new topographic map of
Westford published in 1983 has the same 1:24,000 scale
and 10-foot contour interval as the 1970 edition, but the
contours of the previous editions were discarded and to-
tally replaced by new lines drawn by "photogrammetric
methods". I found this 1983 edition to be so inaccurate
that it could not be used for field work. On the new
map, many small hills are misshapen or altogether missing
and slopes of larger hills are generally smoothed and too
regular. Most of these features were shown correctly on
the abandoned previous editions, which are now out of
print. Paper copies of the 1970 map, generously supplied
by Sid Quarrier of the Connecticut Geological Survey,
were used for field work.
A scale of 1:24,000 was chosen for the final map
(Plate 1), so that the whole study area could be shown at
one scale without the distortion introduced by reducing
or enlarging. The most recent 1:24,000 edition of each
10
map was used, except that the 1970 edition of the West-
ford quadrangle, which is superior to the the 1983 edi-
tion, was used. Thus, for geologic considerations, none
of the most recent U.S. Geological Survey topographic
maps was suitable.
The Pipeline
In the fall of 1985 a trench was dug across the field
area for a segment of the Tenneco Corporation gas pipe-
line. It was six to eight feet deep, a large portion of
which was blasted into bedrock. It extended over 18
miles from west of the field area, across the area, and
several miles to the east. From September 19 to December
4, bedrock exposures in the entire trench were examined,
catalogued, and sampled. The trench exposures in the
Brimfield-Sturbridge area are indicated on Plate 1 and
Figure 1.2.
The greatest value of the trench exposures for this
study was in providing continuous exposures through geo-
logic units and across contacts. In natural outcrops,
such continuity is not generally available because dif-
ferential weathering causes more resistant rock types to
be exposed selectively. The trench exposures generally
confirmed the predicted distribution of rocks as pieced
together from natural outcrops. In a few instances, how-
ever, deeply weathered rocks such as marble and pyrrho-
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tite-rich schist which were exposed in "the trench had not
been found in outcrop.
The collection of nearly 600 pristine samples taken
from the pipeline trench, currently housed at the Uni-
versity of Massachusetts , would have been unobtainable
through routine sampling methods. Not only are the
samples unusually fresh, but most are large enough so
that several analyses may be done on each sample. The
orientation of the trench, across strike and perpendic-
ular to regional metamorphic isograds, makes the suite of
nearly 600 samples ideal for studying variations in met-
amorphic grade, metamorphic history, and deformation
style across the area, though only a few oriented samples
were collected for fabric study.
In addition to the thin sections made for the current
work, samples from the pipeline collection will be incor-
porated in other studies. Jennifer Thomson, a Ph. D. can-
didate at the Oniversity of Massachusetts, is studying
the metamorphic petrology of a suite of politic schists;
Kurt Hollocher of Dnion College has chosen several ig-
neous gneisses for petrologic and geochemical analysis;
Robert Tracy of Virginia Polytechnic Institute is plan-
ning to work on a set of sulfidic, cordierite schists
which are fresher than any which have been obtained from
this are^ in ten years of sampling; and Barbara Barreiro
of Dartmouth College has analyzed lead isotopes in mona-
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zite from a trench sample to obtain the first metamorphic
age in central Massachusetts. Undoubtedly, this valuable
set of rocks will continue to yield information long af-
ter the present study is finished.
Laboratory Methods
Thin sections of selected rocks were examined through
a standard petrographic microscope. Most thin sections
were made from unoriented samples cut approximately per-
pendicular to the foliation and perpendicular to the
predominant lineation, in order to present the greatest
variety of minerals. Some sections from oriented samples
were cut in other orientations in order to examine spe-
cific elements of their deformational fabric.
One thin section, P44, containing an informative min-
eral assemblage and reaction textures, was analyzed by
electron microprobe to determine mineral compositions
with the assistance of D.C. Elbert (see Chapter 5).
Previous Work
B.K. Emerson's geologic map of Massachusetts and
Rhode Island, at a scale of 1 = 250,000, and the accom-
panying D.S. Geological Survey Bulletin (Emerson, 1917)
presented the first map and systematic description of
stratified rocks in central Massachusetts. Most of the
Brimfield-Sturbridge area was assigned by him to the
Brimfield Schist, containing a few thin horizons of
graphitic crystalline limestone. He mapped a large area
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east of the Brimfield Schist as Paxton Quartz Schist.
Importantly, some thin belts of Paxton were shown within
the Brimfield. Also mapped were granitic gneisses
thought to be intrusive into both the Brimfield and the
Paxton.
The Brimfield/Paxton nomenclature of Emerson was fol-
lowed until publication by the D.S. Geological Survey of
geologic maps of the Warren (Pomeroy, 1977), Wales (Sei-
ders, 1976), Westford (Peper and Pease, 1975), and East-
ford (Pease, 1972) quadrangles. Work done at the same
time in the East Brookfield (Pomeroy, 1975), Stafford
Springs (Pease, 1975), and Southbridge (Moore, 1978)
quadrangles was presented as open-file maps. Peper and
others (1975) summarized the stratigraphic and structural
interpretations of these workers. They assigned rocks of
Emerson's Brimfield Schist and western belts of Paxton
Quartz Schist to the Hamilton Reservoir Formation, and
they divided the eastern part of the Paxton Quartz Schist
into the Bigelow Brook and Southbridge Formations. All
three formations were interpreted to comprise a non-re-
peated, westward-facing stratigraphic sequence which they
called the Brimfield Group. West-dipping faults were
interpreted as reverse faults.
In central Massachusetts, Field (1975), Tucker
(1977), Robinson (1981), and Robinson and others (1982a)
proposed correlation with the stratigraphic sequences of
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-the Bronson Hill anticlinorium "to "the west in Massachu-
setts and of the Merrimack synclinorium to the northeast
in Maine. The repetition of strata implied by their
correlations was attributed to large-scale fold nappes,
like those documented in the Bronson Hill anticlinorium
(Robinson, 1963; Thompson et al.
,
1968; Robinson et al.
,
1979). Thus, dramatically conflicting interpretations
had been presented. In northern Connecticut a complex
stratigraphy in a simple, thick, west-facing sequence was
favored, and in central Massachusetts a simple stratig-
raphy repeated by large-scale folds was favored. The
structural incompatibility of these two interpretations
was demonstrated by cross-section F-F' on the Bedrock
Geologic Map of Massachusetts (Zen et al. , 1983) which
attempted to combine the two. A suggestion by Rodgers
(1981a, 1981b) for reconciling the stratigraphic incom-
patibility of the two schemes failed to incorporate
several geologic features of central Massachusetts
(Robinson and Tucker, 1981).
Aspects of metamorphism in the study area have been
examined by several authors. The topics of these reports
include mineral occurrences and descriptions (Emerson,
1895; 1898; 1917), metamorphic petrology and phase rela-
tions (Barker, 1962; Hess, 1969; 1971; Tracy et al.,
1976a; 1976b; Tracy and Deitsch, 1982; Hollocher, 1985),
regional metamorphism (Robinson et al. , 1982b; Robinson,
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1983), and the relationship of metamorphism to tectonics
(Tracy and Robinson, 1980; Robinson et al.
,
1986a;
1986b).
Regional Geologic Setting
Tectonic subdivisions of Precambrian to Lower Devo-
nian rocks in southern New England were proposed by Hall
and Robinson (1982). Relevant aspects of their map have
been adapted in Figure 1.3 to show the regional setting
of the Brimfield-Sturbridge area in the Merrimack belt.
Their tectonic subdivisions provide a useful framework
for presenting the complex regional geology, even though
recent work has suggested that some new stratigraphic
interpretations within the subdivisions and alternative
origins should be considered for the boundaries between
them.
A companion paper (Robinson and Hall, 1980) presents
a tectonic model for the origin and the assembly of each
set of rocks into their present configuration. While
subdivision of the map and its tectonic interpretation
are interdependent, presenting the tectonic interpre-
tation in a separate paper demonstrates that subdivision
of the map is based primarily on characteristics of the
rocks themselves considered in the context of plate
tectonics, without presupposing a specific tectonic
model.
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Figure 1.3 Geologic setting of the study area in the
Merrimack belt, Massachusetts and Connecticut. Limits
of exposed Bronson Hill and Nashoba pre-Silurian zones
are shown. The zones extend underneath the Merrimack
belt (See Figure 1.4). Horizontal ruling indicates
eastern basement. Modified from Hall and Robinson
(1982).
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The divisions proposed by Hall and Robinson (1982)
were somewhat; modified for the Bedrock Geologic Map of
Massachusetts (Zen et al.
,
1983), as explained by Hatch
and others (1984). The modifications used on the state
map particularly germane to central Massachusetts are
followed here. Naylor (1985) argues that this presen-
tation is biased toward a particular interpretive model
and therefore is not flexible enough to allow alternative
interpretations, a few of which he mentions. In re-
sponse, Hatch and others (1985) agree that any grouping
of map units is necessarily interpretive, but that their
interpretation is based on perceived similarities among
the rocks rather than on a particular genetic model.
The same discussion about "objective" vs. "inter-
pretive" mapping could apply to the map produced in the
present project (Plate 1), which portrays an interpre-
tation in the manner described by Hatch and others (1984;
1985), in contrast to the more "objective" maps of pre-
vious workers.
On the Bedrock Geologic Map of Massachusetts (Zen et
al., 1983), older rocks are divided into zones and over-
lying younger rocks are divided into belts (Hatch et al. ,
1984). Rocks of central Massachusetts and eastern Con-
necticut relevant to the present study belong to the
Bronson* Hill and Nashoba zones, and the Connecticut
Valley and Merrimack belts (Figure 1.4). The Bronson
18
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Figure 1.4 Stratigraphic diagram showing relationships
among the belts and zones in central Massachusetts.
Dashed rectangle indicates approximate position of the
rocks in the Brimfield-Sturbridge area. Adapted from
Hatch et al. (1984).
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Hill and Nashoba zones correspond to the Precambrian to
Ordovician(?) parts of zones III and IV, respectively, of
Hall and Robinson (1982), whereas Silurian, Siliurian(?)
,
Lower Devonian, and small areas of Carboniferous rocks
are divided into the Connecticut Valley and Merrimack
belts according to their own characteristics, indepen-
dently of the underlying zones.
Pre-Silurian rocks of the Bronson Hill zone in cen-
tral Massachusetts are exposed in the Bronson Hill anti-
clinorium, and presumably extend subsurface an uncertain
distance east (Figure 1.4). The Nashoba zone, east of
the Bronson Hill zone, is exposed in the Willimantic dome
in Connecticut and east of the Clinton-Newbury fault sys-
tem from southeastern Connecticut to northeastern Massa-
chusetts (Figure 1.3). The boundary between the Bronson
Hill and Nashoba zones, critical to regional tectonic in-
terpretation, is inferred to be buried beneath younger
cover rocks in central Massachusetts. Structurally iso-
lated gneisses of the intervening Brimfield-Sturbridge
area, interpreted here to be pre-Silurian, are more simi-
lar to rocks in the Nashoba zone than to rocks in the
Bronson Hill zone; but due to the general similarity
between rocks in the two zones, their assignment to one
or the other is still open (Figure 1.4).
Silurian-Lower Devonian cover rocks of the Connecti-
cut Valley belt are dominated by thin, shallow-water
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units such as the Clough Quartzite and the biotite and
calc-silicate granulites with rare marbles of the Fitch
Formation. The Merrimack belt, in contrast, is dominated
by thick, deeper-water Silurian(?) clastic deposits. The
western part of the Merrimack belt consists of metamor-
phosed massive to bedded shale, graywacke, and calcareous
wacke. These rocks are approximately equivalent to the
Rangeley sequence of northwestern Maine and New Hamp-
shire. The eastern part of the Merrimack belt in Massa-
chusetts is dominated by metamorphosed feldspathic and
calcareous wackes and shales of the Paxton Formation.
During Silurian time, the boundary between the two belts
is interpreted to have been a sedimentary facies transi-
tion from a near-shore, shelf environment in the Connec-
ticut Valley belt, to a deeper-water, slope to basinal
environment in the Merrimack belt to the east (Hatch et
al., 1984; Thompson, 1985). Stratigraphic relationships
within the Merrimack belt between the Rangeley sequence
and the Paxton Formation remain uncertain. A blanket of
Lower Devonian flysch, represented in Massachusetts by
the Littleton Formation, is interpreted to have been
deposited across both belts and so its presence does not
distinguish between them. The Brimfield-Sturbridge area
(Figures 1.3 and 1.4), straddles the enigmatic boundary
within the Merrimack belt between the Rangeley sequence
to the west and Paxton Formation rocks to the east.
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When the Massachusetts map was compiled, the boundary
between the Connecticut Valley and Merrimack belts was
thought to represent the original position of the Silu-
rian facies transition, along the east side of the Bron-
son Bill anticlinorium but within the area of the pre-
Silurian Bronson Hill zone. This implied that the Silu-
rian-Devonian Merrimack belt was deposited across the
boundary between the pre-Silurian Bronson Hill and
Nashoba zones. Recent work has shown that the western
boundary of the Merrimack belt on the map is not a relict
stratigraphic feature, but instead is a regional, pre-
metamorphic fault, the Brennan Hill thrust (Thompson,
1985; Thompson et al., 1987; Elbert, 1988; Robinson et
al.
, 1988), along which the Merrimack belt was carried
westward onto the Connecticut Valley belt and Bronson
Hill zone. In addition, rocks of the Merrimack belt have
been identified on the western side of the Bronson Hill
anticlinorium in extreme southwestern New Hampshire
(Elbert, 1988), much farther west than previously
thought. This means that the original location of the
Silurian facies boundary is not indicated by the present
boundary between the Connecticut Valley and Merrimack
belts, but that it is only known to have lain east of the
presently easternmost occurrence of rocks of the Connec-
ticut Valley belt.
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Recognition of the Brennan Hill thrust (Thompson,
1985; Thompson et al.
,
1987) also raises the question of
what rocks underlie the Merrimack belt. Whereas alloch-
thonous rocks of the Merrimack belt are known to overlie
directly pre-Silurian rocks of the Bronson Hill zone
along faults at several places, depositional contacts are
difficult to identify. In the current round of reinter-
pretation, the base of the Merrimack belt is thought to
be exposed in only two places in Massachusetts: in the
North Orange nappe, and in the Brimfield-Sturbridge area.
Robinson (1987) proposed that a unit of schist and con-
glomerate in contact with plagioclase gneisses in the
North Orange nappe (Figure 1.3) represents the base of
the Merrimack belt deposited unconformably on rocks of
the Bronson Hill zone. The proposed unconformity was
isoclinally folded, thrust westward, backfolded, re-
folded, and now lies inverted along the east side of the
Bronson Hill anticlinorium.
In the Brimfield-Sturbridge area, a similar contact
between plagioclase gneisses and schists is interpreted
in this study to be the unconformity at the base of the
Silurian(?) sequence. Gneisses below the unconformity
have some similarity with rocks of the Nashoba zone. The
proposed unconformity in the Brimfield-Sturbridge area
has been isoclinally folded, thrust westward, metamor-
phosed in the granulite facies, thrust eastward, and
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refolded. If -the basement in "the North Orange nappe
belongs to the Bronson Hill zone, and the Brimfield-
Sturbridge basement belongs to the Nashoba zone, then the
Merrimack belt may have been deposited across both the
Bronson Hill and Nashoba zones, as suggested originally
by Hall and Robinson (1982). In any case, the relation-
ships of the Merrimack belt to the neighboring belt and
underlying zones are less certain and appear even more
complicated than thought in 1980.
Except for the two places just described, all mapped
boundaries of the Merrimack belt in Massachusetts are
currently interpreted as faults. To the west, the Mer-
rimack belt is interpreted to rest on the Connecticut
Valley belt and the Bronson Hill zone along the pre-meta-
morphic Brennan Hill thrust fault. Farther south, in
Connecticut, the eastern side of the Bronson Hill anti-
clinorium is bounded by the Bonemill Brook fault (Pease,
1982) and Cremation Hill fault zone (London, 1988), which
may be somewhat younger, east-directed mylonitic shear
zones that post-date peak metamorphism. In east-central
Connecticut, the Nashoba zone is exposed in a window
through the Willimantic fault (Hall and Robinson, 1982).
The Clinton-Newbury and Lake Char faults separate the
Merrimack belt from the main exposure of the Nashoba zone
to the east (Castle et al. , 1976; Hall and Robinson,
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1982; Goldstein, 1984; Zartman and Naylor, 1984; Gold-
smith, 1985; Wintsch; 1985).
The relationships of the Merrimack belt to the Massa-
besic Gneiss Complex and Merrimack Group in southeastern
Hew Hampshire are uncertain (Figure 1.3). The late Pale-
ozoic ( ? ) to Mesozoic Campbell Hill fault separates the
Merrimack belt to the west from the Massabesic Gneiss
Complex and Merrimack Group to the east (Lyons et al.
,
1982; Bothner et al, 1984). Lithic similarity together
with continuity on the map suggest that part of the Mer-
rimack Group may correlate with some Silurian ( ? ) strata
of the Merrimack belt in Massachusetts. On the other
hand, a poorly constrained isotopic age from the Cam-
brian(?)-Silurian(?) Exeter diorite (Gaudette, 1984)
suggests some of the Merrimack Group it intrudes may be
pre-Silurian and may not correlate with the Merrimack
belt.
A further uncertainty is the relationship between the
Massabesic Gneiss and the Merrimack Group. It has been
proposed that their contact may be a product of metamor-
phism, with the Massabesic being the high-grade equiva-
lent of the Berwick Formation of the Merrimack Group
(Bothner et al.
,
1984). Ontil stronger evidence for this
provocative idea is presented, simpler alternatives seem
more reasonable; namely, that the Merrimack Group rests
physically on the Massabesic, either unconformably or
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along a fault, of some kind. As far as the present study
is concerned , three situations are considered likely
-
either (1) the Merrimack belt in Massachusetts is strati-
graphically related to the Merrimack Group and rests un-
conformably on the Massabesic, or (2) the Merrimack belt
is stratigraphically related to the Merrimack Group and
is in fault contact with the Massabesic, or (3) the
Merrimack belt and Merrimack Group are unrelated, in
which case the Merrimack belt is separated from the Mas-
sabesic Gneiss and Merrimack Group by the Campbell Hill
fault in New Hampshire and an unidentified fault of
uncertain age somewhere in east-central Massachusetts.
Fundamental questions about regional stratigraphy,
structural geology, metamorphism, and tectonics of the
Acadian orogen in central New England are brought to-
gether in the Brimfield-Sturbridge area.
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CHAPTER 2
STRATIGRAPHY
The Critical Role of Stratigraphy
Two important phases in the evolution of an orogen
are the development of sedimentary basins prior to col-
lision and the deformation of rocks in the active col-
lision zone. Stratigraphy plays a major role in under-
standing both these phases, especially in strongly de-
formed, highly metamorphosed regions where the original
geometry of orogenic components cannot be easily in-
ferred. The stratigrapher' s realm has traditionally been
sedimentary basin analysis, including description of the
composition, bedding style, and distribution of sediments
and interpretation of sedimentary environments within a
basin. Much of the following discussion is devoted to
description of this type.
Stratigraphy is also important in deciphering the
structural geometry of a deformed area. Sedimentary
contacts are good structural markers because they ap-
proximate originally horizontal, planar, continuous, and
laterally extensive surfaces. Map-scale folds and thrust
faults are primarily recognized by repetition or trun-
cation of stratigraphic contacts. By corollary, misiden-
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tification of units can laad to incorrect structural
interpretation (Billings, 1950). Thus stratigraphic and
structural interpretations are interdependent.
In the present study, stratigraphy plays a critical
role in reconstructing Silurian sedimentary relationships
and in recognizing the major thrust faults that struc-
turally dominate the area. In this way, stratigraphy
provides the basis for the interpreted tectonic model and
major conclusions of the present work. Furthermore, the
mapping of distinctive rock types within the repetitive
sequence of rusty-weathering schist and granulite pro-
vides some loose strings which may be followed into adja-
cent areas in further attempts to unravel the geologic
knot of central Massachusetts.
Division of the Map into Belts
Interpretation of stratigraphy in the region is not
straightforward. Such primary sedimentary features as
fossils, sedimentary structures, and continuity of lith-
ologic sequence have been obscured or obliterated by de-
formation and by high-grade metamorphism. Geologic con-
tacts are straight and parallel over long distances, so
that units which are proposed to correlate cannot be
traced into each other on the ground. In spite of these
difficulties, the widespread presence of relict bedding,
persistence of mappable units, and similarity to sequen-
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ces in other areas suggest that original stratigraphic
relationships may be extensively preserved.
Stratified rocks of the study area have been divided
on the map into eight belts bounded by faults. From west
to east, the belts are named for Rattlesnake Mountain,
Little Alum Pond, East Brimfield, Janes Hill, May Brook,
Bald Hill, the Sturbridge Leadmine, and Hamant Brook
(Figure 2.1). Within each belt, the rocks are thought to
comprise a relatively coherent stratigraphic sequence
although structural repetition and discontinuities exist.
Strictly speaking, these divisions apply only to the
stratified and not to the intrusive rocks. In practice,
most intrusive bodies are concordant with the strata of a
single belt and may be considered part of that belt.
It is the contention of this study that rocks of the
different belts can be assigned to a single stratigraphic
sequence which has been structurally repeated by the
faults. The units which comprise this stratigraphic
sequence are introduced first in a general way. Then, to
demonstrate their persistence and variation across the
area, rocks in each unit are described more completely as
they occur in the different belts.
This approach sets up a unified stratigraphic frame-
work into which each of the many mapped units may be
placed. Such a framework is essential in reducing the
scores of rock units to a manageable number. Clearly,
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because -this general stratigraphic framework has been
constructed from perceived similarities among units and
sequences of units exposed in different belts, it repre-
sents an interpretation. The following presentation
shows how observations of the rocks have lead to the
interpretation.
Overview of the Stratigraphic Dnits
Stratified rocks of the area are dominated by pol-
itic schists, layered feldspathic or calc-silicate gran-
ulites, and feldspathic gneisses of igneous composition.
The rocks are assigned to five formations (Figure 2.2).
In addition to the major rock types illustrated in Figure
2.2, each unit may also contain lenses, interbeds, or
thin, mappable units of minor rock types, many of which
are shown on Plate 1 and described below.
The oldest unit in the area is the Proterozoic(?) to
Ordovician(?) Leadmine Pond Gneiss, named here. It is
characterized by gray to white plagioclase-quartz-biotite
gneiss with subordinate interlayered biotite-richer
gneiss and amphibolite. The gneisses occur in a variety
of textural types, from thinly layered to massive. In
addition, the Leadmine Pond Gneiss includes subordinate
thin units of schist, quartzite, granulite, and silli-
manite-bearing and calc-silicate gneisses interpreted to
be metamorphosed sedimentary rocks.
31
1£ § c
<D 0)
fi.fi
P 0
CM
CNJ
32
c •
(0 CO
0)
0) 4->
rH •2 CUiH • 4->O £l 3 4-> 03h d c n-ri
< sz oSTJ WO 0)S Q) COO ti c >>
Cn <D 0) >» 4->
>> <D (0 0)
§3 &&>2
CO
CO
CO -H
CO Q) <D
C 4J
C£3 bO-H
a
Q
O
cu
CD O
CO .o
o o.
o e
C£3 bO
2 afoo
33
Res-ting unconformably on the Leadmine Pond Gneiss is
a sequence of three formations correlated with the
Silurian Rangeley , Smalls Falls, and Madrid Formations of
western Maine. The Brimfield member of the Rangeley For-
mation includes a broad array of rock types, character-
ized generally by gray-, red-, brown-, or rusty-weather-
ing schists interlayered with quartz-rich, feldspathic,
or calc-silicate granulites typically 1/2 to 15 cm thick.
Many thin units of gray-weathering schist (Srg), highly
sulfidic white schist (Srw), and layered calc-silicate
granulite (Src) are mapped separately in most belts
(Plate 1).
The Smalls Falls Formation contains pyrrhotitic,
deeply rusty-weathering fissile schist rich in quartz,
sill imanite , cordierite
,
graphite , and pyrrhotite , and
locally containing pyrite. The presence of pale, magne-
sium-rich biotite and rutile distinguish it from typical
Rangeley schists which contain black biotite, ilmenite
and garnet. Interbedded with the Smalls Falls schist are
blocky-weathering, massive beds of rusty-weathering white
quartzite, typically 1 to 10 cm thick.
Well layered, gray weathering, slabby granulites
stratigraphically above the Smalls Falls are mapped as
the Madrid Formation (Figure 2.2). The Madrid typically
consists of medium-grained, dark-gray to medium-gray
quartz-biotite-feldspar+garnet granulites interlayered
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with grayish-green to light-green diopside-quartz-feld-
spar calc-silicate granulites. Layering is generally 1
to 3 cm thick.
The Paxton Formation occurs at the eastern edge of
the area, in the Hamant Brook belt (Figures 2.1 and 2.2,
and Plate 1). It generally has been considered to be an
eastern facies of the Silurian section (Robinson, 1979;
Robinson and Goldsmith, in press), but the Silurian
Rangeley Formation, only recently recognised in Massachu-
setts (Berry, 1985), has not been incorporated into pre-
vious models. The Paxton Formation includes several
rock-types in its different members, the predominant and
characteristic of which is light-purple, biotite-quartz-
feldspar granulite interlayered with green, quartz
-
plagioclase-diopside+ hornblende+garnet granulite. The
subtle light-purple or violet-gray hue of the biotite
granulite is distinctive, although not present in all
samples. Less abundant rocks include gray schist and
sulfidic schist
.
f.flaHmi xie Pond Gneiss
Name
The name Leadmine Pond Gneiss is proposed here for
a unit of predominantly gneissic rocks exposed near
Leadmine Pond in Sturbridge, Massachusetts. It is also
applied, by correlation, to other nearby, structurally
isolated exposures.
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These rocks were previously interpreted to be a few
of the various members of a continuous, thick strati-
graphic sequence named the Hamilton Reservoir Formation
(Peper et al.
, 1975; Seiders, 1976). On the Bedrock
Geologic Map of Massachusetts (Zen et al.
,
1983), the
gneisses are interpreted as volcanics of the Ordovician
Partridge Formation. On the Bedrock Geological Map of
Connecticut (Rodgers, 1985), they were called gneiss
members of the Ordovician Brimfield Schist.
In the interpretation presented here, these gneissic
units are thought to belong to the same formation, suc-
ceeded tmconfonnably by a clastic cover sequence, and
imbricated by a series of faults into a tectono-strati-
graphic sequence. This is a significant departure from
the interpretation of the Hamilton Reservoir Formation as
originally described, most notably in postulating an
unconformity between rocks previously considered to be
members of a conformable sequence. The name Hamilton
Reservoir Formation cannot accomodate the present
interpretation, and as originally described it included
many rock units assigned here to other formations.
Therefore the new name Leadmine Pond Gneiss is proposed.
Distribution
The best exposure and most complete section of the
Leadmine Pond Gneiss, including the area around Leadmine
Pond, is in the Leadmine belt (Figure 2.1; Plate 1).
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Thin, northward trending map units of "the Leadmine Pond
Gneiss are also exposed along the west sides of the
Little Alum Pond, East Brimfield, Janes Hill, May Brook,
Bald Hill, and Hamant Brook belts. In most belts, the
Leadmine Pond Gneiss extends for the entire length of the
map area, but in the May Brook and Bald Hill belts it is
cut out along faults within the study area (Plate 1). A
description of the rock-types in each belt follows, from
the Little Alum Pond belt in the west to the Hamant Brook
belt in the east.
Lower Contact
The Leadmine Pond Gneiss is considered to be the old-
est unit in the area. Its western boundary in each belt
is interpreted to be a fault, based on low angle trunca-
tion of units in several places, and inferred strati-
graphic offset. These faults cut out an unknown amount
of the lower portion of the Leadmine Pond Gneiss, and its
base is not exposed.
General Description
Rock-types in the Leadmine Pond Gneiss are listed in
Table 2.1. The most common rock is plagioclase-quartz-
biotite gneiss, but it is interlayered with different
amounts of more mafic gneiss in a variety of texural
styles. In the well layered types, the interlayers of
more mafic rock are typically 1/2 to 5 centimeters thick
with a range from a few millimeters to a few meters
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Table 2.1 Distribution of Leadmine Pond Gneiss
rock-types by belt.
Letter symbol gives the map unit on Plate 1 in which the given rock-type occurs. Only presence is
indicated, not abundance or sequence. Names of belts are abbreviated as follows: LAP=Little Alum
Pond; EBr=East Brimfield; JH=Janes Hill; MBk=May Brook; BH=Bald Hill; Ld=Leadmine;
HBk=Hamant Brook.
ROCK-TYPE MAP BELT
Igneous protolith: LAP EBr IH MBk BH fffik
Grav well lavered felsic gneiss containing
biotite + gamet
OZl OZl OZl OZl 071 071 0711
OZlf
0711
Brown-weathering, slabby granulite or
gneiss, containing orthopyroxene OZl OZl OZl
OZll
OZlm OZll
Rusty-weathering felsic gneiss OZI OZls OZll, OZlm
OZls
Light-gray, stringy-layered felsic gneiss
with biotite-rich folia OZl OZl OZl OZl OZl
OZl, OZll
OZlf
Interlayered felsic and mafic gneiss OZl OZl OZl OZl OZl OZlf, OZll
OZlm
OZll
Felsic gneiss with mafic pods OZl OZl OZll, OZlf OZll
Massive amphibolite, homblende-biotite
gneiss, or pyroxene granulite OZla OZla
OZla
OZlm
Sedimentary protolith:
Bedded, brown- to rusty-weathering silliman-
ite-garnet-biotite-cordierite schist OZls OZls
Fissile, rusty- to very rusty-weathering
sillimanite-graphite schist OZls
OZls, OZlq
OZlr
OZll
OZls
Diopside-plagioclase ± scapohte calc-silicate
granulite with minor marble OZl OZlc
OZlc, OZls
OZlr
Yellow-brown-weathering gamet quartzite OZlq
Protolith uncertain:
Massive, quartz-feldspar-biotite schist with
sparse sillimanite OZl
OZl
OZls OZls
Light-gray, sillimanite- and garnet-bearing
gneiss
OZl
OZls OZls OZls
Rare rocks:
Ultramafic rock urn urn
Corundum-bearing gneiss OZlo
Red-feldspar pegmatite OZl
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thick- In most places, layering is fairly continuous
across the outcrop except for local attenuation and very
low-angle truncation of some layers. Amphibolite en-
closed in felsic gneiss commonly occurs in pinch-and-
swell structure or in trains of pods, especially where
interlayered amphibolite is thick and rare relative to
layers of enclosing felsic gneiss. Well layered gneisses
weather more deeply along biotite-richer seams and break
into large slabs.
Another common textural type in the Leadmine Pond
Gneiss is well foliated but poorly layered gneiss. Thin,
wispy, discontinuous folia rich in biotite, or less com-
monly with hornblende, define a strong planar fabric in
felsic gneiss. Outcrops are more smooth, rounded, and
blocky than the well-layered types.
A range of mineral assemblages is present among fel-
sic rocks of the Leadmine Pond Gneiss, which is thought
to reflect rock bulk composition. Minerals which are
present in some but not all gneisses include garnet,
orthopyroxene
,
clinopyroxene , hornblende , K-feldspar
,
magnetite, and apatite. The associations and distribu-
tions of these minerals in felsic gneisses can be sorted
out at the scale of an outcrop or a few outcrops, but
have so far resisted mapping at 1:24,000 scale. Individ-
ual rocks are described below.
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Most, exposures of "the metamorphosed sedimentary units
are in the Leadmine belt (Table 2.1), but there are also
limited exposures in other belts. The presence of meta-
morphosed sediments in the Leadmine Pond Gneiss is impor-
tant in establishing stratigraphic continuity within the
formation, in correlating among parts of the Leadmine
Pond Gneiss exposed in different belts, and in correla-
ting the Leadmine Pond Gneiss with units outside the
Brimfield-Sturbridge area.
Little Alum Pond Belt
The Leadmine Pond Gneiss forms a thin unit along the
western edge of the Little Alum Pond belt (Plate 1). Ar-
tificial exposures along the Massachusetts Turnpike north
of Chamber1 in Mtn. , and in the pipeline trench on Rattle-
snake Mtn. provided good sections through the unit (Fig-
ure 1.2). Abundant natural outcrops are present north of
Morse Road, and discontinuously along the steep, east-
facing slopes from Rattlesnake Mtn. about 1 km southward
to Burley Bill.
In the northern part of this belt, on the east flank
of Chamber1in Mtn.
,
slabby, brown-weathering, sugary-
textured gneisses are common. They consist of plagio-
clase-quartz-biotite-orthopyroxene gneisses with various
amounts of garnet, hornblende, and clinopyroxene. The
mafic minerals are fine- to medium-grained, stubby, dark
brown to black, and difficult to differentiate routinely
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in the field. A mode from a slabby
,
brown-weathering
gneiss dominated by hornblende is given for sample WN1119
(Table 2.2). Interlayered with these gneisses is a
lumpy, brownish-weathering, biotite-rich, feldspathic
schist. This schist is not so aluminous as politic
schist, only rarely containing sillimanite, but it does
contain a significant amount of biotite, minor graphite,
and some garnet, and probably represents an immature vol-
canogenie sediment. A feldspathic schist mode is given
for sample WN1116A. The thin section from sample WN1116
contains both mafic gneiss and schist, for which separate
modes are presented (Table 2.2).
A pod of ultramafic rock is present in the turnpike
road-cut, sketched in Figure 2.3. It is concordant with
foliation and flanked by medium-gray, plagioclase-garnet
gneiss immediately to the east, and amphibolite with sub-
ordinate felsic gneiss to the west. The pod has a core
and a rim. The core consists of less strongly foliated,
coarse-grained, hornblende-orthopyroxene-olivine-spinel
gneiss (sample 1117A), and the rim consists of several
centimeters of strongly foliated, black hornblendite
(sample 1117B). The sampled localities are shown on
Figure 2.3, and modes are given in Table 2.2. A pegma-
tite vein at the upper end of the pod (Figure 2.3) sug-
gests the shape of the pod may be due to boudinage, dur-
ing which the pegmatite filled the necked region.
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Table 2.2 Estimated modes for the Leadmine Pond Gneiss
Modes indicate approximate area percent of minerals estimated from thin section. Minerals
which constitute less than 1% are indicated by an "x". Letters which begin sample labels
indicate quadrangle as follows: WN=Wairen; WL=Wales; WF=Westford. Numbers preceded by P
indicate samples from the pipeline trench. Map units correspond to Pl.atel and text.
Abbreviations indicate mineral color in thin section: br^brown; gr=green; n=red; y=yeilow;
bl=blue.
YV IN 1UJ WT AAO A \X/T /^OHDWLOVUtS
Map Unit OZ1 OZl OZl OZl
Quartz 40 2 39 35
Plagioclase 3 51 50 45
Orthoclase 53
Biotite br:2 r-bnl 6 15
gr:l
Garnet 1
Hornblende y-br:12 bl-gr:4 gr:2
Clinopyroxene 30 X 3
Apatite X X X
Zircon X X X
Opaque 4 1 1
Sample WF457D WF551 WF557A WF557B
Map Unit OZls OZl OZls OZls
Quartz 65 58 10 16
Plagioclase 26 30 4 1
Orthoclase 54 48
Biotite 1 3 1
Sillimanite 2 3
Garnet 3 25 30
Hornblende gr:6
Clinopyroxene 5
Orthopyroxene 4
Zircon x X X X
Opaque X 1 2 1
Sphene 1
WN165 - Yellow-orange-weathering felsic gneiss with small garnets. From narrow ridge,
1730 meters S50W of East Brimfield.
WL642A - Dark-gray, medium-grained plagioclase-clinopyroxene-hornblende gneiss. From a
one-meter-thick mafic layer in rusty-weathering schist 360 meters dueW of the
intersection of Stickney Hill Road and Skopec Road, near theNW corner of Union.
WL690A, WL690B - Two samples of plagioclase-quartz-biotite gneiss with thin layers rich
in hornblende and biotite. 250 meters S45E from top of 1151 ft hill, 3850 meters
S48W of Holland.
WF457D - Pale pinkish-gray, vitreous, quartz-rich calc-silicate granulite. From dip-slope
outcrop 500 meters S28W of Stickney Hill Road - Heck Road intersection, south of
Moore Pond, Union.
WF551 - Brown-weathering, slightly greenish-gray, orthopyroxene-bearing quartz-
plagioclase-hornblende gneiss. From outcrop to north side of Staffordville Road, Union,
170 meters east along Staffordville Road from Bradway Road.
WF557A, WF557B - Two samples of brown-weathering, light-gray felsic gneiss with 1-mm
lavendar garnets. From 20 meters north of Staffordville Road, Union, 250 meters east
along Staffordville Road from Bradway Road.
.
(Continued next page)
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Table 2 . 2 continued
.
Sample WL244 WF502A WL602 WL642 WL693A
Map Unit OZ1 OZ1 OZ1 OZ1 OZ1
green gray
Quartz 20 3 4 15
Plagioclase 52 35 1 65 66 53
K-feldspar 54
Biotite r-br:2 br:3 3
Sillimanite 3
Gamet 18
Hornblende gr:5 gr:60 20 gr:5 22
i^unopyroxene 40 4 1 cID gr-5
Orthopyroxene 7 5 3
Cummingtonite 1
Apatite X X X X X
Sphene X
Zircon X X X
Opaque 3 1 2 2 1 2
Sample WN1116 WN1116A WN1117A WN1117B WN11
Map Unit OZ1 OZ1 um um OZ1
daric light
Quartz 5 23 20 2
Orthoclase 3
Plagioclase 40 28 37 37
Biotite br:40 br:30 br:l
Gamet 8 10
Hornblende 30 y-br:65 y-br:98 y-br:55
Orthopyroxene 25 30 5
Olivine 3 2
Spinel 2 X
Zircon X
Opaque 4 1 X X X
WL244 - Layered mafic gneiss. Thin section includes greenish-gray, clinopyroxene-rich layer and
dark-gray, hornblende-rich layer. Outcrop includes interlayered mafic and felsic gneisses. From
east side of stream gulley, NW flank of Janes Hill, 1040 meters S50E of East Brimfield.
WL502A - Light-gray, sillimanite- and garnet-bearing felsic gneiss. From south bank of stream, 10
meters south of Webster Road, Union, 1080 meters N58E from Bald Hill summit. Across the
road from outcrop shown in Figure 2.5.
WL602 - Hornblende amphibolite with streaks of brown orthopyroxene. From outcrop to west side
of dirt road, 700 meters N35E of Holland.
WL642 - Bluish-gray, massive plagioclase-pyroxene-homblende granulite. Location same as
WL642A.
WL693A - Massive hornblende amphibolite.. Interlayered in outcrop with brown-weathering,
garnetiferous felsic gneiss. 1055 meters N35E from Holland.
WN1116 - Interlayered dark-gray homblende-orthopyroxene gneiss and light-gray, garnet-bearing
plagioclase-quartz-biotite gneiss. From eastern end of road-cut, south side of Massachusetts
Turnpike, 1650 meters N4E of north end of Little Alum Pond.
WN1 1 16A - Light-gray, garnet-bearing plagioclase-quartz-bioitite gneiss. From 10 meters W of
WN1116.
WN1 1 17A - Black, olivine-bearing, homblende-orthopyroxene ultramafic rock. From inner part of
untramafic pod (Figure 2.3) on south side of Massachusetts Turnpike, 40 meters west of
WN1116.
WN1 1 17B - Black homblendite. From outer part of ultramafic pod, same locality as WN1 1 17A.
WN1 119 - Medium-grained, "salt - and - pepper" - textured, homblende-plagioclase amphibolite.
From 770 meters N57E of 1067 summit of Chamberlin Mountain.
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Figure 2.3 Sketch of ultramafic pod in Leadmine Pond
Gneiss. Points A and B in the pod are sample localities
WN1117A and WN1117B, respectively. Slash pattern at top
of pod indicates pegmatite. Outcrop is in cut on south
side of Massachusetts Turnpike, near west edge of Little
Alum Pond belt.
44
The ultramafic rock strongly resembles rocks from the
Partridge Formation to the west studied by Wolff (1978)
and reported by Tracy and others (1984). They concluded
that the Partridge ultramafic rocks may be metamorphosed
Ordovician komatiite. This interpretation may also be
viable for the ultramafic rocks in the Leadmine Pond
Gneiss
.
Farther south, near Five Bridge Road, the Leadmine
Pond Gneiss is similarly dominated by interlayered mafic
and felsic gneisses, but in addition, it includes a
2-meter-thick horizon of distinctive, thinly layered
gneiss. Individual layers are about 1 cm thick, and
extend for several meters along the outcrop. The rock
consists of two slightly different varieties of light-
colored, quartz-feldspar gneiss with a few percent of
biotite. One variety is weakly foliated light-gray
gneiss, and the other variety is more strongly foliated,
reddish-brown-weathering gneiss with about 10% biotite.
Both varieties contain prominent, widely scattered
garnets up to 5 mm across.
This exposure might help in interpreting the origin
of the Leadmine Pond gneisses, because the lateral per-
sistence of the delicate layering suggests these rocks
may represent bedded volcanic ash or tuff. Unfortunate-
ly, deformation of complex intrusive rocks may produce
45
similar layering so such layering by itself does not
prove a volcanic origin
.
In the Morse Road area (Figure 1.2; Plate 1), the
Leadmine Pond Gneiss consists of slabby, medium bluish-
gray plagioclase gneiss with subordinate amphibolite in
pods and thin layers. Some samples of felsic gneiss con-
tain so much magnetite that they respond strongly to a
hand-held magnet.
The Rattlesnake tttn. area includes the following
rock-types: medium- to light-gray, quartz-plagioclase-
biotite+garnet gneiss; dark-gray plagioclase-quartz-
biotite+hornblende gneiss; coarse-grained amphibolite,
commonly with pyroxene; and a foliated pegmatite with
3-cm magacrysts of red feldspar. No other red-feldspar
pegmatites were found in the field area. Similar pegma-
tites with red feldspar are present in the main body of
Monson Gneiss in the Orange area (Robinson, 1963, p. 84)
and in the Quabbin Reservoir area (K.T. Hollocher, pers.
common
„ ,
1988). The pipeline trench exposed a complete
section through the Leadmine Pond Gneiss on Rattlesnake
Mtn. Petrographic and geochemical analyses of rocks from
this section are in progress by K.T. Hollocher.
South of Rattlesnake Mtn. in the Little Alum Pond
belt, the Leadmine Pond Gneiss is only a few meters to
tens of meters thick (Plate 1). Nevertheless, this
southern part of the belt contains some of the best
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exposures in the Leadmine Pond Gneiss of white , felsic
gneiss with layers and pods of mafic gneiss (Table 2.2,
samples WL690A and WL690B), and stringy, plagioclase-
quartz-biotite gneiss with thin, biotite-rich folia
(Table 2.2, samples WL642 and WL642A).
East Brimfield Belt
In the East Brimfield belt, the Leadmine Pond Gneiss
is well exposed in several areas. From north to south,
they include the cuts on the Massachusetts Turnpike just
east of Little Alum Pond Road; the Route 20 road-cut at
East Brimfield and nearby outcrops to the northwest; out-
crops near the intersection of Morse and East Brimfield
roads, Holland; east of Marcey Road, Holland; and along
Staffordville Road, Onion (Plate 1).
Most of the gneisses in this belt are of two types,
either yellow-brown-weathering, well layered, slabby,
predominantly plagioclase gneiss; or black and white,
stringy-layered to massive, interlayered mafic and felsic
gneiss. An example of the first type is described from
the Turnpike cut, and examples of the second type are
described from near Staffordville Road in the southern
part of the area. The two types have not been separated
on Plate 1
.
The Leadmine Pond Gneiss exposed in the Turnpike cuts
east of Little Alum Pond Road consists of medium-gray,
bluish-gray , or greenish-gray
,
plagioclase-quartz-bio-
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tite-orthopyroxene gneiss, locally with hornblende and
commonly with small amounts of clinopyroxene
, garnet, or
K-feldspar. Layering is typically 4 to 8 cm thick and
regular, but ranges from 0.5 to 15 cm. Mafic minerals,
mostly biotite, are peppered through the rock, and adja-
cent layers contain slightly different proportions of
mafic minerals. In some places, thin biotite-rich
laminae separate the layers. A few, generally thin,
amphibolite layers are present, but most hornblende-
bearing rocks also contain biotite. Small amounts of
orthopyroxene are ubiquitous, which presumably account
for the brown weathering of this rock-type.
Three samples from the cut on the southern side of
the turnpike were studied by Hollocher (1985). He deter-
mined the composition of a sample with normative quartz
and hypersthene (his sample 40), which he interpreted to
be a metamorphosed volcanic rock of intermediate composi-
tion.
Similar brown-weathering, slabby, plagioclase gneiss
is also present near East Brimfield; near the east end of
Morse Road; and near Staffordville Road.
Black and white, interlayered mafic and felsic gneis-
ses near Staffordville Road and east of Bradway Road con-
tain roughly equal amounts of mafic and felsic gneiss,
although either type may dominate a given outcrop. Layer
thicknesses range widely, from 2 mm to 1 meter, changing
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laterally as well as from layer to layer. Low-angle
truncation of layers or foliation, and pinch-and-swell
structure are common.
The dark-gray or black mafic layers contain large
amounts of biotite, hornblende, or pyroxene. Their
texture is commonly equigranular and moderately well
foliated, and rarely streaky or laminated. The inter-
layered felsic gneiss is white, plagioclase-quartz-bio-
tite-orthopyroxene gneiss, commonly with garnet and
magnetite. A delicate, streaky, biotite foliation is
commonly present in the felsic gneisses. In addition to
the gneisses, concordant, white, foliated pegmatites
comprise up to 30% of the rock.
Similar interlayered mafic and felsic gneiss is also
present near the pipeline north of East Brimfield and in
the gravel pit southwest of Lost Lake (Plate 1).
A minor rock-type, sulfidic schist, occurs at two
places in this belt of Leadmine Pond Gneiss. In the
Turnpike cut, there is a 50-meter interval of schist,
"OZls", beginning about 80 meters southeast of the Lead-
mine Pond Gneiss contact (Plate 1). It is rusty-weath-
ering quartz-feldspar-sillimanite-biotite-garnet-graphite
schist, with layers of brown-weathering, dark-gray, calc-
silicate granulite and some feldspathic, biotitic schist.
It also contains abundant small quartz veins and pegma-
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tite boudins. Pegmatite occurs at both contacts of the
schist with the surrounding gneisses.
The second occurrence of sulfidic schist is in a
pavement outcrop in a field, 450 meters north of the Heck
Road-Stickney Hill Road intersection in Onion. Most of
the outcrop is rusty—weathering, sillimanite-bioitite-
gamet schist with a few beds of calc-silicate granulite.
In addition, light-gray, garnet-bearing, quartz-plagio-
clase-biotite felsic gneisses are present along the east
edge and through the middle of the outcrop. The next
outcrop, several meters to the west, is also plagioclase
gneiss. The schist here is at least 15 meters across.
Janes Hill Belt
This belt includes excellent exposures on the eastern
side of Janes Hill and along the east-facing hillside be-
tween Dug Hill Road and the pipeline. Other outcrops are
present on the 944-foot hill south of Holland, and near
Staffordville and Webster Roads in Dnion (Plate 1).
The Leadmine Pond Gneiss in the Janes Hill belt is
dominated by interlayered mafic and felsic gneisses sim-
ilar to those in other belts described above. The felsic
gneisses locally contain abundant red-brown garnet or
magnetite. Layers of mafic gneiss, commonly rich in
hornblende or clinopyroxene, are present in most out-
crops. One of the thicker amphibolite layers, mapped
separately on Plate 1 as "OZla", is exposed at three
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places: just east of the top of the 891-ft hill north of
Janes Hill; in small, rubbly outcrops near the 870 ft
contour northwest of the top of Janes Hill; and in sever-
al large outcrops along the eastern side of the hill
north of Dug Hill Road, Holland (Plate 1). The amphibo-
lite is well foliated, with thin, streaky quartz-feldspar
veins and elongate plagioclase and hornblende and grains,
but internally it is poorly layered.
On the 944-ft hill 1400 meters S20W of Holland, an
ultramafic body is mapped in the Leadmine Pond Gneiss. A
detailed map of this locality is shown in Figure 2.4.
The ultramafic rock (urn) comprises two outcrops at the
western edge of the Leadmine Pond Gneiss. Contact loca-
tions are well constrained, but not exposed. Approxi-
mately 10 meters west of the contact, in the northernmost
outcrop of schist, apparent relict graded beds face east-
ward, indicated by the symbol on Figure 2.4. As present-
ly interpreted, the ultramafic rock together with the
Leadmine Pond Gneiss is thought to be in thrust contact
with the schists immediately to the west. This body may
be either a layer in the Leadmine Pond Gneiss sequence or
intrusive into it. If it is intrusive, it is believed to
have intruded prior to thrusting, but this cannot be dem-
onstrated .
The ultramafic rock has 1 to 2 cm, amber-brown ortho-
pyroxene megacrysts set in a medium-grained groundmass of
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Figure 2.4 Detailed map and cross section showing the
ultramafic rock in Holland. Area is 1400 meters S20W of
the village of Holland. Symbol "urn" indicates ultramafic
rock. Outcrop shown in black on map. Other symbols as
on Plate 1.
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shiny, black hornblende. In thin section, the orthopy-
roxene is pale plum colored, and the hornblende is a
slightly greenish yellow-brown. Clusters of round oli-
vine grains are believed to be the remnants of partly
resorbed relics. Accessory blebs of dark green spinel
make up a few percent of the rock, typically occurring in
the hornblende near the margin of pyroxene grains.
The orthopyroxene megacrysts are slightly elongate
and define a weak but definite foliation. Optically, the
individual grains are only weakly strained. Many mega-
crysts contain black streaks of hornblende parallel to
their long dimension which are visible in hand specimen.
The coarse orthopyroxene is surrounded and embayed by
smaller hornblende grains, so either the two minerals
crystallized together or the hornblende may be somewhat
younger. It is tentatively suggested that met,amorphic
orthopyroxene, hornblende, and spinel grew at the expense
of olivine, clinopyroxene, and plagioclase in an olivine
gabbro or basalt. This body is mineralogically similar
to the one in the Little Alum Pond belt, but somewhat
larger and coarser grained.
The ultramafic rocks are bordered to the east and
south by gneisses typical of the Leadmine Pond (Figure
2.4). The outcrop to the east of "urn" is a medium-
grained, layered amphibolite. The outcrop to the south
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includes layered, medium—bo coarse-grained plagioclase-
quartz-biotite gneiss.
The rest of the Leadmine Pond Gneiss on this hill has
been divided into two units, a feldspathic schist and
quartzite unit (OZls), and felsic gneisses to the east
(0Z1) (Figure 2.4). Unit "OZls" includes pale yellow-
brown- to red-weathering quartzite, feldspathic or gar-
netiferous quartzite, feldspathic schist, and schistose
gneiss. Some of the well layered rocks, particularly the
quartzites, are probably metamorphosed bedded sediments.
The layers are typically 8 to 20 cm thick, and weather
blocky rather than slabby. In contrast, other rocks,
particularly the schistose gneisses, are more massive and
homogeneous, weathering to rounded surfaces. The schist-
ose gneisses primarily contain feldspar, quartz, biotite,
and garnet. Small lenses, a few centimeters across, of
crumbly, red-weathering feldspathic rock contain sparse
sillimanite. Interpretation of a protolith for these
rocks is less clear. They are tentatively thought to be
metamorphosed feldspathic sediments deposited close to
their igneous source, but a more direct igneous parentage
is possible.
Gneisses in the eastern unit of "0Z1" (Figure 2.4)
include light-gray, stringy-layered, garnetiferous felsic
gneiss; and light-gray to pale-orange-brown-weathering,
poorly layered, equigranular gneiss with biotite-richer
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streaks. No amphibolite, which would suggest, an igneous
origin, is present in these outcrops, but neither is any-
relict bedding.
Along strike to the south, near Webster Eoad in Onion
(Figure 1.2), a similar sequence of rocks in the Leadmine
Pond Gneiss is correlated with the sequence on Hill 944
(Plate 1). The sequence at Webster Road from west to
east includes medium- to coarse-grained pyroxene-bearing
mafic granulites with subordinate interlayered biotite
gneiss (0Z1); light-brown- to pinkish-weathering, well
layered, white quartz-feldspar gneisses with small gar-
nets, traces of sillimanite, and rare quartzite beds
(OZls) ; and various light-gray, quartz-feldspar-bio-
tite-garnet gneisses with widely scattered, locally abun-
dant sillimanite (0Z1). Most gneisses in this eastern
unit of "0Z1" are poorly layered, but thin layering, from
1 mm to 2 cm, and isolated, thin, garnet-rich pods are
locally present.
The most interesting feature of the eastern "0Z1"
unit along Webster Road is the occurrence of calc-sili-
cate pods (Figure 2.5). These pods are 5 to 30 cm across
and up to a meter long, consisting of very dark-gray,
fine-grained, quartz-feldspar-biotite granulite studded
with pink, 3-5 mm garnets. The pods tend to occur in
groups, and may represent distorted, dismembered beds.
This suggests that the surrounding gneiss may have been a
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sedimentary rock which was pervasively deformed, destroy-
ing all but a few remnants of sedimentary features. The
origin of this unit is not understood.
Elsewhere in the Janes Hill belt, the Leadmine Pond
Gneiss contains subordinate other rock-types. The
western edge of the belt north of Janes Hill includes
slabby
,
yellow-brown-weathering
,
garnetiferous granitic
gneiss and foliated pegmatite. A few outcrops of pink,
medium-grained granite are mapped as a separate body (Dg)
120 meters north of Dug Hill Road, Holland (Plate 1).
May Brook Belt
The May Brook belt is named for exposures on the
small hill just south of where May Brook crosses the
state line (Figure 1.2; Plate 1). This group of outcrops
displays a characteristic variety of the rock-types in
the Leadmine Pond Gneiss. On the northern side of the
hill there sure beautifully layered black amphibolite and
dark greenish-gray pyroxene gneisses with subordinate
plagioclase-biotite gneiss. Nearby outcrops include var-
ious amounts of plagioclase gneiss interlayered with the
mafic types. Farther south, near the top of the small
hill, felsic gneisses are more abundant. The rock-types
there include yellow-brown-weathering, slabby , garnetif
-
erous felsic gneiss with rare pods or layers of amphibo-
lite; poorly layered gneiss with thin, biotite-rich lam-
inae; and granitic gneiss and foliated pegmatite- As in
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other places, this common group of rock-typos is not di-
visible into mappable units.
Farther south in this belt, however, there are two
thin, distinctive units which are separately, mapped on
Plate 1 . At the western edge of the belt is a unit of
medium- to coarse-grained, dark-greenish-gray to black
amphibolite (OZla) about 30 meters thick. The amphibo-
lite contains vague, curved features that merit addi-
tional study. At least some of these shapes can be at-
tributed to boudinage, but some are reminiscent of relict
pillow structures. If pillows are present, an extrusive
origin for the gneisses might be preferred. A "pillow-
test" experiment could be modeled after the study of an
Ammonoosuc pillow by Schumacher (1983; Schumacher and
Robinson, 1986, p. 186-192), which demonstrated that
characteristic geochemical signatures of pillow, rind,
and interpillow material may be preserved through high-
grade metamorphism.
East of the amphibolite is a yellow-, or pinkish-red-
to brown-weathering bedded garnet quartzite ( "OZlq" ) , the
most distinctive rock of the Leadmine Pond Gneiss. It
consists of watery-gray quartzite alternating with subor-
dinate milky-gray feldspathic, sulfidic quartzite in beds
typically 5 to 15 cm thick. Garnets 1 to 3 mm across are
distributed through both types, comprising typically 30%
and up to 60% of the rock. The garnets are rotten-weath-
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ering, and commonly leave dish-shaped holes in the out-
crop surface
.
East of the quartzite is undifferentiated felsic
gneiss of the Leadmine Pond ("0Z1"; Plate 1). The gneiss
near the contact is stringy-layered biotite gneiss with
interlayered foliated white pegmatite. In the area 850
meters S84W of the summit of Bald Hill, outcrops con-
strain the quartzite-amphibolite contact to within 15
meters, and the quartzite-felsic gneiss contact to within
two meters , so the sequence of rock-types bordering the
quartzite is well established.
Bald Hill Belt
In this belt of Leadmine Pond Gneiss, no interstrat-
ified metamorphosed sedimentary rocks are mapped (Table
2.1; Plate 1), Stringy, biotite-laminated plagioclase
gneiss and slabby, well layered felsic gneiss with minor
mafic gneiss are the common rock-types . Magnetite is
common in the well layered felsic gneisses of this belt.
Some poorly layered, coarse-grained gneisses have a mas-
sive, plutonic aspect
.
Leadmine Belt
General Statement . By far the most diverse array of
rock-types and greatest sense of stratigraphy in the
Leadmine Pond Gneiss come from the Leadmine belt (Figure
2.1; Plate 1). Where the outcrop control is excellent,
it can be demonstrated that many thin units are mappable
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ering, and commonly leave dish-shaped holes in "the out-
crop surface.
East of the quartzite is undifferentiated felsic
gneiss of the Leadmine Pond ("0Z1"; Plate 1). The gneiss
near the contact is stringy-layered biotite gneiss with
interlayered foliated white pegmatite. In the area 850
meters S84W of the summit of Bald Hill, outcrops con-
strain the quartzite-amphibolite contact to within 15
meters, and the quartzite -felsic gneiss contact to within
two meters, so the sequence of rock-types bordering the
quartzite is well established.
Bald Hill Belt
In this belt of Leadmine Pond Gneiss, no interstrat-
ified metamorphosed sedimentary rocks are mapped (Table
2.1; Plate 1). Stringy, biotite-laminated plagioclase
gneiss and slabby, well layered felsic gneiss with minor
mafic gneiss are the common rock-types. Magnetite is
common in the well layered felsic gneisses of this belt.
Some poorly layered, coarse-grained gneisses have a mas-
sive, plutonic aspect.
Leadmine Belt
General statement. By far the most diverse array of
rock-types and greatest sense of stratigraphy in the
Leadmine Pond Gneiss come from the Leadmine belt (Figure
2.1; Plate 1). Where the outcrop control is excellent,
it can be demonstrated that many thin units are mappable
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for only short distances. This produces a map-pattern in
which the sequence of units across strike is somewhat
different at different latitudes, depending on which
units are present and which ones are absent. The three
likely ways to account for such a pattern are strati-
graphically, by lateral facies changes, lenses, or uncon-
formities; structurally, by low-angle faults or tectonic
thinning; or a combination of stratigraphic and struc-
tural features. In an area of known structural complex-
ity where primary facing, stratigraphic sequence, and
early tectonic fabrics have been largely obliterated, and
where all contacts are virtually parallel, it is diffi-
cult to discriminate between a stratigraphic sequence and
a tectono-stratigraphic sequence.
The interpretation shown on Plate 1 emphasizes the
lateral continuity of major rock units, and tentatively
considers the units of limited extent to be tectonically
thinned stratigraphic layers or lenses. This interpre-
tation is suggested by the fact that each major unit has
a peculiar set of characteristics which distinguishes it
from the others. In addition, attempts to demonstrate
repetition of sequences of similar units within the belt
have been unconvincing. And yet, in a general way there
is an alternation between gneiss units and schist units
which suggests that they might be structurally repeated.
If the differences from unit to unit reflect lateral var-
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iations in original rock—type or in the character and in-
tensity of deformation, the complex map-pattern combined
with the uncertainty of stratigraphic sequence could ac-
comodate significant major structural omission, repeti-
tion, or imbrication of a heterogeneous stratigraphic
pile in a multitude of ways.
For lack of a more informed stratigraphic approach,
the units in the Leadmine belt are described geograph-
ically from west to east. It is not known whether the
present geographic arrangement bears any simple relation-
ship to stratigraphic order. Dnits in this belt can be
generalized into four gneiss units, four schist units,
and a quartzite unit, each with its own internal variety
of rock-types
.
QZlf
.
At the western edge of the belt is a felsic
gneiss unit with map symbol "OZlf" (Plate 1). In the
pipeline trench at the northern end of the belt, the
whole width of the unit consists of medium-bluish-gray,
slabby
,
quartz-plagioclase-biotite gneisses , commonly
with garnet and locally with hornblende. Over most of
its length to the south, the "OZlf" unit is divided into
two parts by a septum of schist, "OZls" (Plate 1). The
rocks west of the septum are remarkably uniform, consis-
ting almost exclusively of brownish-weathering, medium-
bluish-gray, slabby, quartz-plagioclase-biotite-garnet
gneisses with regular layering typically 6 to 10 cm
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thick, but locally as thin as 1/2 to 1 cm. Interlayered
foliated pegmatite from a few centimeters to a few meters
thick is ubiquitous. Also present in minor amounts is
hornblende-biotite gneiss in which coarse clots of horn-
blende are streaked into the foliation.
The septum of schist (OZls) in "OZlf " is char-
acterized by rusty-weathering, massive, sillimanite -
quartz - biotite - K-feldspar - garnet - cordierite -
graphite schist. In good exposures south of Leadmine
Road, along Butterworth Road, and just south of the state
line (Plate 1), it is demonstrably 5 meters thick at
most. Farther south, it broadens to tens of meters a-
cross. Along the northwest wall of the abandoned graph-
ite mine 100 meters S20W of Leadmine Road in Sturbridge,
dark-gray, slabby
,
graphite-pyrrhotite calc-silicate
granulites are interlayered with the schist. Along
Butterworth Road, a layer of calc-silicate granulite,
"OZlc", is present along the western side of "OZls"
(Figure 2.6). This layer consits of light-green, slabby,
medium-to coarse-grained, diopside-scapolite calc-sili-
cate granulite with minor quartz-plagioclase-biotite
granulite. The sequence of plagioclase gneiss, calc-
silicate granulite, and sulfidic schist persists along
strike for at least several hundred meters (Figure 2.6).
To the south, 1000 meters south of the state line, a
second occurrence of light green calc-silicate granulite
62
Figure 2.6 Detailed map showing units "OZlc" and "OZls"
of the septum in the "OZlf" unit. Outcrop shown in
black. Geologic contacts are solid lines. Fault (with
teeth) marks west edge of Leadmine belt. For explanation
of letter symbols and rock descriptions, see Plate 1 and
text . Topographic contours (dotted ) in 10 foot
intervals
.
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is tentatively mapped as a lens of "OZlc" within "OZls",
but its contact relations are not so clear as the Butter-
worth Road locality.
The part of the "OZlf " unit immediately east of the
schist septum contains slabby, gray, biotite gneisses
similar to those west of the septum. In the eastern part
of the same map-unit, however, the felsic gneiss commonly
contains rare pods and thin layers of mafic gneiss, too.
At four places near the eastern edge of the "OZlf" unit,
occurrences of amphibolite and mafic gneiss up to several
meters thick are shown as lenses on Plate 1 . Even though
the four occurrences are widely spaced and thin, they
contain similar rocks and could easily be connected to
form a single, continuous unit. Closer examination of
the surrounding rocks at these localities and tracing
them through the intervening areas are needed to evaluate
this possibility. One of the localities is the cut on
the northwest side of Interstate 84, 2150 meters south of
the state line. The mafic layer "OZla", about one meter
thick, includes amphibolite, garnet-bearing amphibolite,
and layers of hornblendite. It is bounded on both sides
by light bluish-gray, well layered biotite gneiss with
subordinate amphibolite boudins, in layers typically 5 to
20 cm thick. Beginning at about 6 meters above (to the
west of) the mapped mafic layer "OZla" and continuing to
the top of the outcrop, layering in the biotite gneiss is
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thinner, typically 1/2 to 2 cm thick, and mafic rocks
generally form more continuous layers rather than pods.
Western OZls. The eastern contact of unit "OZlf" is
about 3 meters below (east of) the mapped mafic layer
.
There, biotite gneiss rests on very rusty, black, fissile
sillimanite-biotite-garnet-graphite schist, mapped as
"OZls". The rock is a "not-quwhite" schist, distin-
guished from true white schist by the presence of garnet
and its dark-orange-brown-weathering instead of bright
yellow-orange-rusty-weathering . Subordinate rusty-
weathering, blocky beds of black quartzite and calc-sili-
cate granulite are common in the schist. In the next
highway cut, about 150 meters to the south, the western
3-meter part of the unit includes gray sillimanite-
garnet-quartz-plagioclase gneiss; gray sillimanite-
biotite-garnet-quartz-feldspar-graphite schist; and light
greenish-gray-to red-weathering, blocky calc-silicate
granulite. The exposed contact between the gray rocks
and the garnet-bearing plagioclase gneisses of "OZlf" to
the west is not clearly defined.
Farther south, the "OZls" unit contains some pyrite-
bearing, garnet-free, true white schists with interbedded
sillimanite-graphite quartzite. They are considered to
be localized, slighly more sulfidic parts of the unit and
have not been mapped separately.
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The final interesting feature in this "OZls" map unit
is quartzite interbedded with the schist. In the outcrop
980 meters south of the state line, there are light-gray
to white, clean quartzite beds up to 40 cm thick. Subor-
dinate sillimanite-garnet-biotite-quartz-feldspar schist
with thin pegmatite pods and stringers is interlayered
with the quartzite. All the rocks weather rusty, but the
bulk of the sulfide is believed to be in the schist. The
quartzites differ from quartzites contained in other
units mapped as "OZlq" by their paucity of garnet and by
the abundance of interbedded sulfidic schist.
Western 0Z11. The third major unit from the west
side of the Leadmine belt, labeled "0Z11", is character-
ized by layered mafic and felsic gneisses. The propor-
tion of mafic rock and the layer thickness are not uni-
form from place to place, although exposures devoid of
mafic gneiss are rare. Mafic rock occurs in pods more
commonly than in layers, as shown in an outcrop near the
south end of Leadmine Pond (Figure 2.7).
In addition to the layered gneisses, which are the
characteristic and most abundant rocks of this unit, sev-
eral minor rock-types are present. These include dull
yellow- to reddish-weathering, massive, garnet-bearing to
garnet-rich granitic gneiss; red- to brown-weathering,
thinly layered, medium- to dark-gray, slabby felsic
gneiss ; dark-gray , poorly foliated, coarse-grained
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Figure 2.7 Amphibolite pods in felsic gneiss. Dashed
pattern indicates amphibolite. Lines indicate biotite-
rich folia in felsic gneiss. Outcrop is from "0Z11" unit
of the Leadmine Pond Gneiss, 150 meters S39E of south end
of Leadmine Pond.
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pyroxene-hornblende gabbro; and brick-red-weathering,
medium-grained , feldspathic , feldspar-quartz-biotite-
garnet-sillimanite schist. An unusual rock on the north-
east side of Holland Road, Union, 15 meters south of the
state line, has thin layers of hornblende-rich amphibo-
lite alternating with calc-silicate granulite. The calc-
silicate minerals include diopside, scapolite, and epi-
dote. The epidote is believed to be retrograde due to
its occurrence with clinopyroxene megacrysts in veins
which cross-cut the foliation (Peter Robinson, pers.
common.
,
1988)
.
Layered, light-green, diopside-rich calc-silicate
granulite, indicated by the symbol "OZlc", is mapped in
four places. South of Leadmine Pond, there is one lens
toward the middle of the unit, and a second lens is at
the eastern contact with unit "OZlq" (Plate 1). A third
lens is near Butterworth Road (Figure 2.6) and a fourth,
near Cemetery Road, is on the western contact of "0Z11".
The rocks are relatively calcic, commonly containing
diopside, plagioclase, scapolite, calcite, and sphene.
The thin lens of "OZlq" south of Leadmine Road (Plate
1) contains red-orange-weathering, blocky garnetiferous
quartzite with minor rusty-weathering sillimanite-graph-
ite schist. Adjacent outcrops to the southeast and
northwest contain mafic and felsic gneisses, respective-
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ly, but contacts are not exposed. This quartzite is sim-
ilar to rocks in the more extensive unit of "OZlq" to the
east.
OZlq. The distinctive quartzites which characterize
this unit are well displayed in two places: 1) in a
string of outcrops about 1900 meters north of the town of
Union , and 2) in a smooth outcrop face at the base of a
hill 340 meters south of Leadmine Pond (Plate 1). The
Leadmine Pond locality is by the driveway next to a
house, and visitors must obtain permission from the
property owners before examining it.
The rocks in these two places consist of red- to
yellow-weathering, bedded garnet quartzite. Bedding is
from 4 to 30 cm thick, with the thicker beds more common.
The texture of abundant 1/2-to 1-cm, dark-red to red-
brown garnets distributed through the rock is distinc-
tive. The only significant mineral besides quartz and
garnet is K-feldspar, which occurs in some beds. Minor
amounts of biotite, graphite, and sulfide are present,
and quartz-feldspar-garnet pegmatites also occur. Schist
is virtually absent from these exposures. A modal an-
alysis presented by Seiders (1976) showed over 60% gar-
net.
Some outcrops of rusty-brown-weathering sillimanite-
biotite-garnet-graphite schist are tentatively included
in the quartzite unit. It was not possible to map the
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two rock-types separately because the entire unit is thin
and not completely exposed. It is believed that the
garnet quartzite may occur above, below, or as broad
lenses in the schist, but they do not seem to be inter-
bedded at the outcrop scale. At the driveway locality
near Leadmine Pond, for instance, the outcrop northwest
of the quartzite contains rusty schist in contact with
calc-silicates of the "OZlc" unit to the west. This
suggests the "OZlq" unit there might be divisible into a
western schist part and an eastern quartzite part.
It is unfortunate that the stratigraphic relationship
of the quartzite to the schist is somewhat uncertain.
The garnet quartzites in this unit are identical to those
in the lens mapped within unit "0Z11" to the west and to
those mapped in the southern part of the May Brook belt
(Plate 1), but schist is not abundant in either of those
places so a shadow of doubt is cast on the correlation.
On the other hand, if rusty schist is an important com-
ponent of the "OZlq" unit of the Leadmine belt, correla-
tion might be considered with the rusty schist unit
"OZls" to the east of "OZlf" (Plate 1), which does con-
tain a few quartzite beds as described above. For the
time being, the garnet quartzites of the "OZlq' 1 unit are
thought to be stratigraphically distinct from the
schists, even though not separately mappable.
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OZlm. Abundant layers of mafic schist and gneiss
characterize the "OZlm" unit, although a variety of sub-
ordinate felsic gneisses are also included. In addition
to the abundance of mafic rocks, this unit is distin-
guished by the presence of some rock-types not common in
other parts of the Leadmine Pond Gneiss. In particular,
they are biotite-hornblende schist, layered amphibolite
with hornblende clots, layered amphibolite with calc-
silicate pods, and hornblende-rich gabbro.
The biotite-hornblende schist is a medium-grained,
sugary-textured, slabby rock that weathers brown on a few
surfaces. It is commonly associated with thinly layered
amphibolite containing 3-5 mm, streaky hornblende-rich
clots in a hornblende-plagioclase-biotite matrix of about
a 1 mm grain size. Among other places, these two rock
types are well exposed west of Cemetery Road in Onion,
and in several outcrops at the western edge of the South-
bridge quadrangle, 250 meters S70E of the south end of
Leadmine Pond (Plate 1).
Coarser-grained, black amphibolite in layers typic-
ally 5 to 10 cm thick, is present along the small ridge
1300 meters north of Mashapaug (Plate 1). Subordinate
pods of dark green, diopside calc-silicate interlayered
with the amphibolite constitute about 5% of the outcrop.
Similar rocks are present in the pipeline trench to the
north, suggesting this rock-type extends at least 5 km
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along strike
.
The sequence of rock-types immediately
east of the layered amphibolite, include a deeply red-
weathering, crumbly, magnetite-garnet-feldspar gneiss and
a white, magnetite-bearing alaskite gneiss.
Small amounts of hornblende-rich gabbro are present
in the "OZlm" unit. It contains intergrown coarse,
patchy hornblende grains 5 to 7 mm across, and minor
amounts of interstitial plagioclase and pyroxene. In
hand specimen the rock appears to be at least 80% horn-
blende .
The remainder of the "OZlm" unit consists of inter-
layered felsic and mafic gneiss. It is impossible to
know the proportions of rock-types in this unit as a
whole, due to its heterogeneity and incomplete exposure,
but a rough estimate is about 2/3 mafic schists and
gneisses and 1/3 felsic rocks
.
OZlr. This poorly exposed unit contains very rusty,
deeply weathering, graphitic rocks. Some are white, sil-
limanite-rich, pale-biotite schists, and a few have gar-
net in addition. But in most cases, garnet and biotite
are rare , sillimanite is sparse , and the predominant min-
erals are quartz and feldspar, with common megacrysts of
K-feldspar. Graphite is ubiquitous, occurring in coarse
plates or aggregates up to 5 mm across.
Contacts between the very rusty rocks and adjacent
rocks are not known. Just west of "OZls" , amphibolites
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of "OZlm" are succeeded to the east , in turn
,
by pegma-
tite, light greenish-gray calc-silicate granulite, and
yellowish-weathering, feldspathic quartzite. Rather than
create a new map unit for the eastern part of this out-
crop, rocks east of the amphibolite are assigned to the
"OZlr" unit even though they are not rusty.
Eastern OZll. East of the rusty schist unit "OZlr"
is a unit of layered mafic and felsic gneisses similar to
the "0Z11" unit in the western part of the Leadmine belt
(Plate 1). The eastern unit is also labeled "OZll" to
signify its well layered character and general lithologic
similarity to the western unit, but because of specific
differences and because the adjacent units are partly
different, correlation of the two units is uncertain.
This unit of "OZll" includes thinly layered, gray,
plagioclase gneiss; plagioclase gneiss with amphibolite
pods; plagioclase gneiss with calc-silicate pods; inter-
lyered mafic and felsic gneisses; a body of dark gray,
massive orthpyroxene-clinopyroxene granulite; and a sep-
arately mapped occurrence of corundum-bearing gneiss
.
The plagioclase gneisses all contain biotite and most
contain garnet. Typically they are well layered on the
order of 3 to 5 cm, but layering is generally thicker in
those felsic gneisses which contain amphibolite or calc-
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silicate pods. Present, locally are more massive, poorly
layered, wispy- or stringy-textured biotite-plagioclase
gneisses.
There is a body 7 to 15 meters in thickness of two-
pyroxene granulite near the eastern side of the "0Z11"
unit. At each of two localities, both contacts of the
pyroxene granulite are exposed. To its west is medium-
gray, garnet-bearing gneiss, and to the east is layered
calc-silicate granulite and marble, mapped as "OZlc"
(Plate 1). The lateral persistence of the three rock-
types suggests they comprise a stratified sequence.
One locality, at Holland Road, Union, was described
by Robinson and others (1982a, stop 9; 1986, stop 9) and
studied by Hollocher (1985). A sketch of the outcrop is
included with their descriptions. The two-pyroxene gran-
ulite includes quartz , andesine
,
hypersthene
,
augite
,
biotite, and ilmenite. Crosscutting veins contain coarse
orthopyroxene grains. Figure 2.8 is a map showing the
distribution of rock-types in the "OZll" unit at the Hol-
land Road locality, including the two-pyroxene granulite
at the eastern edge of the unit.
An occurrence of corundum-bearing gneiss mapped as
"OZlo" is present at the eastern edge of "0Z11", 550
meters north of the state line (Plate 1). It is approx-
imately on strike with pyroxene granulite of the Holland
Road locality (Figure 2.8) and is likewise bounded
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I
- Poorly layered to massive, dark-gray, hornblende-biotite gneiss
W/\ ' Thickly layered orthopyroxene-biotite gneiss, locally with hornblende;
~™~~~
minor amphibolite. Calc-silicate pods near east edge.
IMa - Pegmatite and stringy, biotitic pegmatite gneiss.
telxv'jj - Orthopyroxene-biotite gneiss, commonly with garnet. Includes pegmatite.
|V<S| - Orthopyroxene-clinopyroxene granulite.
fl | - Diopside calc-silicate granulite; locally contains scapolite.
Figure 2.8 Map of rock-types in the "OZ11" unit near
Holland Road, Union. Letter symbols indicate assignment
of rocks to units on Plate 1. Contour interval 10 feet.
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closely on "the east by outcrops of diopside-scapolite
calc-silicate rocks of "OZlc" . The sketch in Figure 2.9
illustrates the wispy texture of the corundum-bearing
gneiss. The rock consists of granular K-feldspar, bio-
tite, and corundum with thin, wispy, "horse tails" rich
in coarse sillimanite and biotite. Large, dark-red gar-
nets about 1/2 to 1 cm across constitute 5 to 10% of the
rock, and are associated with the sillimanite-rich areas.
Minor constituents include dark-green spinel, and one
thin section contains a grain of blue tourmaline.
The petrologic or stratigraphic significance of this
unusual corundum-bearing rock is not known, but two mod-
els are suggested by the rock 9 s apparently high aluminum
content. One idea is that it may represent the restite
which has been left by removing quartz and plagioclase
components from an average felsic gneiss through partial
melting. A second idea is that it may represent a meta-
morphosed weathered horizon, such as a chemically weath-
ered lateritic soil. In examples from Japan (Hiroi and
Kishi, in press), such aluminous weathered horizons are
commonly overlain by marble and calc-silicate rocks, per-
haps corresponding to the "OZlc" unit immediately to the
east. If true, this would imply that "OZlc" rests uncon-
formably on "0Z11", giving a primary stratigraphic top-
ping sense to the east.
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Figure 2.9 Outcrop sketch of corundum-bearing gneiss of
unit "OZlo" . Wispy trails, rich in sillimanite and
biotite, are indicated by lines; garnet megacrysts, about
1/2 to 1 cm in width, are outlined. Remainder of rock is
granular K-feldspar, corundum, and biotite. Sketch is
from a pavement surface, 900 meters N12E of Mashapaug,
Connecticut
.
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One further point should be made about the protolith
for this rock, based on informal discussions with J.C.
Schumacher (pers . coram . , 1988). The corundum-bearing
rock probably contained quartz at lower grade, which was
totally consumed during prograde breakdown of muscovite
to K-feldspar + aluminum silicate. Only after all the
quartz was consumed would muscovite break down on its own
composition to K-feldspar + corundum. Therefore, the
production of prograde corundum does not require a large
amount of muscovite in the lower grade rock, but only a
large proportion of muscovite to quartz. That is, it may
be possible to derive the necessary bulk composition from
a quartz-poor politic sediment without requiring a pro-
cess of extreme aluminum enrichment. It is expected that
further study of this intriguing rock will provide evi-
dence to clearly support or disprove some of these pre-
1iminary ideas
.
Eastern OZls. The eastern side of the Leadmine belt,
east of the "OZll" unit, is dominated by rusty-weathering
schists mapped as "OZls" together with a hodge-podge of
other rocks (Plate 1). The other rocks include units of
calc-silicate granulite and marble (OZlc), and thin units
containing various gneisses (0Z1).
The rocks mapped as "OZls" include red-weathering,
orange-brown weathering, and very rusty-weathering, vari-
ably quartzo-feldspathic sillimanite-biotite-garnet-cor-
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dierite-graphite schists. There are interbedded quartz-
ites or calc-silicate granulites in several places.
The "OZlc" unit along the east side of "0Z11" and
"OZlo" is mentioned above and shown on the eastern side
of Figure 2.8. It consists of light-green, diopside-
quartz-plagioclase calc-silicate granulite thinly inter-
layered with white, calcite-plagioclase-scapolite-diop-
side-sphene marble. The layering, typically 1/2 cm to 5
cm thick, is accentuated by deep grooves where the marble
has weathered. Disharmonic minor folds with wavelengths
of a few centimeters are commonly present. A sample of
this unit from the Holland Road locality (Figure 2.8),
studied by A.B. Thompson and reported by Goldsmith and
Newton (1975), does not contain wollastonite, but does
contain anorthite, quartz, calcite, scapolite, diopside,
and sphene. The mineral compositions reported by Thomp-
son from this locality were used by Goldsmith and Newton
(1975) to calibrate their plagioclase-scapolite geother-
ometer.
Near the southern end of the 1-84 southbound exit
ramp at Mashapaug (Figure 1.2; Plate 1), "OZls" consists
of very rusty-weathering, sillimanite-rich, garnet-
bearing schist with interlayered felsic gneisses. Along
the cut to the northeast, where the gneisses do not
contain interlayered schist, they are indicated as "0Z1"
on Plate 1. This thin unit is dominated by coarse-
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grained, plagioclase-biotite gneiss and light bluish-
gray, medium-grained, garnet-bearing plagioclase gneiss
with less abundant mafic rocks. Muscovite is common in
distinctly cross-cutting pegmatite dikes, but is also
present in some concordant, foliated rocks. In the same
outcrop, about 40 meters south of the state line, samples
of gedrite- and orthopyroxene-bearing gneisses near the
eastern contact of the unit were studied by Hollocher
(1985). Petrology and mineral chemistry of a diopside-
and hornblende-bearing gneiss interlayered with ortho-
pyroxene granulites from the eastern edge of the "0Z1"
unit were studied by R. Schumacher (1987), her sample
WL12E. At the northeast end of the outcrop, the layered
gneisses are in contact with calc-silicate rocks to the
east, shown on Plate 1 as "OZlc". This unit is charac-
terized by layered light-green quartz-plagioclase-diop-
side calc-silicate granulite and scapolite-bearing
marble.
The "0Z1" and "OZlc" units exposed along the 1-84
southbound exit ramp in Mashapaug are present 850 meters
to the north, but have not been found along strike any
farther to the north, where only schist is exposed.
Based on the inferred map pattern, the two units are
interpreted to be lenses within "OZls" (Plate 1).
Most of the rocks that were exposed to the north in
the pipeline trench are sulfidic, sillimanite-garnet
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schists, commonly intorlayered with blocky-weathering
calc-silicate granulites coated with a purplish-black
weathering stain. These rocks are assigned to "OZls"
(Plate 1). In addition, some other rock-types are pres-
ent, shown as separate thin units on Plate 1. These
units are tentatively interpreted to be cut out by a
fault because they are not present to the south, but the
detailed work to verify this relationship has not been
done.
Among the thin units interlayered with schist in the
northeastern part of the Leadmine belt are mixed gray,
garnet-bearing gneiss, biotite gneiss, and amphibolite
(0Z1)
; rusty-weathering, very sulfidic, sillimanite-
graphite schist with pale biotite (OZlr); and dark gray,
rusty-weathering, slabby calc-silicate granulites (OZlc).
Hamant Brook Belt
The Leadmine Pond Gneiss in this belt is generally
well layered, so the map symbol "0Z11" is applied (Plate
1). Light gray felsic gneisses are common, with subor-
dinate mafic gneiss in thin layers or pods. Brownish-
weathering, slabby, equigranular , orthopyroxene- and
biotite-bearing gneisses are less common.
Good exposures at three places along the eastern con-
tact of the unit show similar sequences of distinctive
thin layers, some of which are less than a meter thick.
This suggests that the layering has a remarkable lateral
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continuity. A rusty-weathering, dense, black schist pro-
vides a useful marker layer. It is rich in biotite and
garnet, and contains ubiquitous, small amounts of silli-
manite and graphite. The schist is about 25 meters from
the eastern edge of the gneiss unit, and ranges from 10
cm to 3 meters in thickness. In the outcrop 800 meters
south of the pipeline, it is 30 cm thick and traceable
across the entire outcrop, about 25 meters.
Rocks east of the schist are average felsic gneisses.
The sequence west of the schist includes in turn, light
gray- to locally yellow-weathering, slabby, garnet-
bearing plagioclase gneiss (3 meters); pinstriped gneiss
(25 - cm); layered gneisses with abundant mafic rocks,
including hornblende-biotite-garnet gneiss and amphibo-
lite (5 to 10 meters) ; and light gray, quartz-feldspar-
biotite gneisses. The pinstriped gneiss is an unusual
rock consisting of yellow-brown- to rusty-weathering,
white quartz-feldspar gneiss interlaminated with black,
garnet-biotite rock
.
Relationships among Belts
The foregoing discussion and Table 2.1 illustrate
that the belts have similar assemblages of Leadmine Pond
Gneiss rock-types. The characteristic layered plagio-
clase gneisses are present in each belt , and subordinate
interlayered mafic gneisses are common. In most belts,
however, only a limited part of the section is present,
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so it is not possible to evaluate how closely their in-
ternal sequences might match. Generally, the minor rock-
types in each belt are represented by similar rocks which
occur in the more complete Leadmine belt section. It is
suggested that only a portion of the formation is exposed
in each of the other belts.
Specific correlation is proposed between the sequence
"OZla" - "OZlq" - "0Z1" in the May Brook belt and the
sequence "OZlm" -"OZlq" - "0Z11" in the Leadmine belt.
The key to this sequence is the distinctive garnet
quartzite unit. Although the younging sense of this
sequence is not known, it faces in opposite directions in
the two belts.
Protolith and Oppositional EnviTrmmmn-h
Rocks of the Leadmine Pond Gneiss can be divided by
composition into two broad groups, the felsic, mafic, and
ultramafic gneisses of igneous origin; and schists,
quartzites, calc-silicates, and marbles of sedimentary
origin. Protoliths for some particular rocks are dis-
cussed with their rock descriptions above.
A difficult question raised in this study is whether
the deformed, metamorphosed igneous gneisses were orig-
inally volcanic rocks or intrusive rocks. The most
convincing evidence that at least some were volcanic is
the widespread occurrence of interlayered sedimentary
rocks interpreted to comprise a stratigraphic sequence,
83
allowing that, the sequence is probably complicated by
deformation. If the gneisses were interpreted instead to
be intrusive into the surrounding rocks, the interlayered
sediments would have to be explained as either inclu-
sions, or as bodies structurally emplaced by intricate
infolding or faulting. Features that might be expected
to support these interpretations were not observed at the
exposed contacts described above. For instance, inclu-
sions might show evidence of melting at their margins;
isoclinal folds might repeat strata about their axial
surfaces; faults might truncate units; minor folds and
structural fabrics might suggest folds or faults. Al-
though some of these features might be present in certain
places, it seems more reasonable to interpret the gneiss-
es interlayered with sediments as volcanics.
A second consideration is that wherever identifiable
beds or lithologic units have been traced along strike,
they are conformable with the contacts between units.
This is true for such diverse rock-types as amphibolite,
pyroxene granulite, quartzite, and scapolite marble. If J
major intrusive bodies are present, they must be concor-
dant sills, and if major faults are present, they must be
parallel to layering or nearly so.
The composition, texture, and structure of the
gneisses themselves are not generally diagnostic of
protolith. No obvious pillows, agglomerates, or other
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volcanic structures were identified. There are a few
features which are suggestive of volcanic protolith, but
not definitive- These include thinly layered gneisses in
the Little Alum Pond belt (tuffaceous beds?); amphibo-
lites with possible pillow structures in the south end of
the May Brook belt; and amphibolites with hornblende
clots (relict phenocrysts?) in unit "OZlm" of the
Leadmine belt. All other layering involving felsic,
mafic, and ultramafic gneisses could have been produced
as well by deformation of an intrusive complex as by
interlayered volcanics (Warren Hamilton, 1988, his Figure
9; Robinson et al.
,
1986; 1989).
On the other hand, some rocks which are poorly lay-
ered, coarse-grained, and homogeneous seem more likely to
be metamorphosed intrusive bodies than volcanics. In
fact, the Leadmine Pond Gneiss probably contains both
deformed intrusive and extrusive rocks, and separating
them may be difficult
.
The quartzites and calc-silicate granulites of the
Leadmine Pond Gneiss occur in lenses and thin units.
Their rock-types and bedding-style suggest deposition of
sandstone, limestone, and calcareous sediments in a
shallow-water environment, probably near shore. The
sulfidic, sillimanite schists represent marine shales and
graywackes deposited in an anoxic environment. Such an
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environment might be produced in a basin with poor circu-
lation, low supply of clastic sediment, and intermittent
volcanism.
Brimfield Member of the Rangeley Formation
Name
The name Rangeley Formation is cautiously applied
here to certain rocks of the Brimfield-Sturbridge area to
emphasize their general correlation with similar rocks in
the Peterborough quadrangle (Duke, 1984) and elsewhere in
southern and central New Hampshire, which have been cor-
related in turn with the type section at Rangeley, Maine
(Hatch et al.
,
1983; Moench and Boudette, 1970; Moench,
1971). It should be recognized that the rocks in the
Brimfield-Sturbridge area and the Rangeley, Maine area
are similar but not identical and they are enclosed in
somewhat different stratigraphic sequences. To allow for
these differences, it is proposed that the local portion
of the Rangeley Formation in the Brimfield-Sturbridge
area be referred to informally as the Brimfield member.
This nomenclature has the advantage that it maintains a
historical relationship to the Brimfield Schist of
Emerson (1917), which has been widely used in Massa-
chusetts and Connecticut.
It is recommended that the Brimfield Schist (Emerson,
1917) be abandoned. This was also recommended by Peper,
Pease, and Seiders (1975), but for different reasons.
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Some of the rocks formerly included in the Brimfield
Schist are now divided among the Leadmine Pond Gneiss,
the Brimfield member of the Rangeley Formation, the
Smalls Falls Formation, and the Madrid Formation, pos-
sibly spanning an age range from Precambrian to Early
Devonian. The more specific names should be used in-
stead.
It is also recommended that the nomenclature of the
Hamilton Reservoir Formation of the Brimfield Group
(Peper et al.
,
1975) be abandoned. As interpreted here,
the Leadmine Pond Gneiss has no stratigraphic continuity
with the Rangeley and younger strata in the area, and so
they should be assigned to different formations rather
than to members of a single formation. Most of the rocks
and units from the Brimfield-Sturbridge area which were
included in the Hamilton Reservoir Formation by Peper and
others (1975), Peper and Pease (1975; 1976), Seiders
(1976), and Pomeroy (1977) can be reassigned to the units
of the present interpretation in a straightforward way.
It is expected that the Brimfield member of the
Rangeley Formation as proposed here will be only an
interim name , but more formal nomenclature awaits clari-
ification of the presently murky internal stratigraphy
and nomenclature of the Rangeley Formation farther north.
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Distribution
The Brimfield member of the Rangeley, including its
many separately mapped parts, underlies the majority of
the study area (Plate 1). It has been identified in all
belts except possibly the Leadmine belt.
Within the Rangeley, the distribution of separately
mapped units is complex. Different portions of the
Rangeley Formation are preserved in each belt, but cor-
relations can be made between certain belts or parts of
belts from corresponding rock-types and sequences. Before
attempting to reassemble the fragmented parts of the
Rangeley puzzle, the pieces must be described individ-
ually. To that end, rock columns have been constructed
for each belt, based on local areas of the map (Figures
2.10, 2.11). These columns accompany the following
stratigraphic descriptions, but details of the "ground
truth" are more fully displayed on the geologic map
(Plate 1).
Lower Contact
The contact with the next older unit in the study
area, the Leadmine Pond Gneiss, is tentatively inter-
preted to be an unconformity. As might be expected in
such deformed, high-grade rocks, there is little primary
evidence for this unconformity preserved in outcrop.
Layering in both units is sensibly parallel. An uncon-
formity is postulated because there are different units
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Figure 2 . 10 Locations of stratigraphic columns shown in
Figure 2.11.
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of the Leadmine Pond Gneiss below the contact in differ-
ent parts of the study area (see previous discussion);
because the part of the Rangeley above the contact is
fairly similar in different belts; because the part of
the Rangeley near this contact is locally feldspathic and
gritty; and because regional correlations suggest there
may be a significant difference in age between the Lead-
mine Pond Gneiss and the Rangeley. Localities where the
proposed unconformity is exposed or closely constrained
are described with the belts in which they occur, namely,
the Little Alum Pond, East Brimfield, Janes Hill, and
Hamant Brook belts.
General Description
The bulk of the Brimfield member of the Rangeley,
represented on Plate 1 by map symbol "Sr" , is dominated
by quartz-feldspar-biotite-sillimanite-garnet-cordier-
ite-graphite-pyrrhotite schist. Estimated modes from
schist samples are given in Table 2.3. Bedding style and
weathered appearance within "Sr" vary unpredictably from
one outcrop to the next, and have proven to be unreliable
criteria for separating map units in this area. In pla-
ces, it seems that every outcrop is different. Despite
this variety, only a few lithologic types are common, and
the predominance of certain types in some areas suggests
that there may be a general pattern to the complicated
92
Table 2.3 Estimated modes for Rangeley Formation
schists.
Symbols as in Table 2.2.
Sample BB2 WL913 WL913B P23B P34B P43
Map Unit — Sr Sr Sr Sr Sr
Quartz 8 53 50 10 14 15
3 oz QO 1U
Orthoclase 15 25 20 15 4 35
Sillimanite 22 3 8 35 35 14
Biotite 5 5 10 20 25 12
Garnet 28 10 7 8 2
Cordierite 15 1 4 15 2 8
Zircon X X X X X X
Opaque 1 1 1 3 3 4
Fibrolite 1
Pinite 2 1
Sample P45A P4<?A P51B P89 WL824Y P135A
Map Unit Sr Sr Sr Sr Srg Sr
Quartz 10 10 13 29 40 10
Plagioclase 1 2
Orthoclase 16 8 7 17 12 20
Sillimanite 30 33 10 15 20 28
Biotite 25 28 13 20 18 32
Garnet 2 55 8
Cordierite 12 14 12
Zircon X X 1
Rutile X
Opaque 7 5 2 6 2 7
BB2 - Light-gray, coarse-grained, sillunanite-biotite-garnet-cordierite schist. Garnets are up to 1 cm across.
Freshly blasted sample taken from pipeline trench exposure west of the area of Plate 1. In Mt. Pisgah
Formation (Seiders, 1976), 270 meters E of Mt Hitchcock Rd, 1350 meters N75W of Wales, near
western edge of Wales quadrangle.
WL913, WL913B - Slabby sillimanite-biotite-gamet feldspathic quartzite. From road-cut, west side of
Leadmine Road, Sturbridge, 130 meters SE of intersection with Leno Road.
P23B - Fissile, sillimanite-rich pyrrhotitic graphitic schist. From pipeline trench, on W slope of
Rattlesnake Men. at 985 ft. elevation.
P34B - Sillimanite-biotite-garnet-cordierite schist. From pipeline trench, 100 meters east of top of
Rattlesnake Mm.
P43 - SilHmanite-orthoclase-biotite-garnet-cordierite schist. From pipeline trench, 300 meters east of top
of Rattlesnake Mtn.
P45A - Sillimanite-biotite-cordierite schist. From pipeline trench, 370 meters east of top of Rattlesnake
Mtn.
P46A - Sillimanite-orthoclase-biotite-garnet-cordierite schist. From pipeline trench, 430 meters east of top
of Rattlesnake Mtn.
P51B - Sillimanite-biotite schist with abundant small garnets. From pipeline trench, 580 meters east of
top of Rattlesnake Mtn.
P89 - Sillimanite-biotite^rdierite-pyrrhotite-graphite schist From pipeline trench in Holland, 450 meters
eastward along pipeline from Sturbridge Road.
WL824Y - Gray, sillimanite-biotite-gamet schist. Taken from long outcrop at top of east-facing slope, 800
meters S 1W from where May Brook crosses state line.
P135A - Sillimanite-biotite schist From pipeline trench, 950 meters east of top of Ratdesnake Mtn.
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internal lithologic variation in the Rangeley which has
not yet been recognized.
One common rock-type is massive, feldspathic pelitic
schist with poorly defined compositional layering. This
rock forms smooth, rounded outcrops that weather to a
light-brown or a subtle pale red or rose color. Scattered
pods of light-gray-weathering, feldspathic, garnetifer-
ous, quartz-rich granulite are commonly present in the
massive schist
.
Locally, the granulite can be demonstrated to occur
in long, flat pods rather than continuous layers. The
pods range from a few centimeters to a few meters thick
at their thickest part, measured perpendicular to folia-
tion, and up to several meters long. Pods of this sort
are considered diagnostic of the Rangeley Formation in
New Hampshire (Hatch et al.
,
1983). In the Brimfield-
Sturbridge area, the abundance of such pods as distin-
guished from continuous layers is difficult to estimate,
because the thin, flat pods are commonly longer than the
outcrop width. As a result, it is likely that many in-
dividual "layers" might be only portions of elongate
pods, and the proportion of pods to layers may be under-
estimated.
A second common rock type included in the undifferen-
tiated Rangeley (Sr) is dull -brown, reddish-brown, or
orange-brown weathering feldspathic schist and schistose
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granulite in regular interbeds 5 to 15 cm thick. Differ-
ential weathering accentuates the layering, producing
ribbed outcrop surfaces with granulite standing out.
These rocks characteristically break parallel to layering
into tabular slabs. Interlayers of sillimanite-free,
medium-gray quartz-feldspar granulite are present, but
the granulites are more commonly "dirty"
,
containing
sillimanite and garnet. The slabby, feldspathic schist
was aptly nicknamed "hardschist" by Peter Robinson, M.T.
Field, R.D. Tucker, and D. Klepacki in their 1976-78
reconnaissance work for the Bedrock Geologic Map of
Massachusetts ( Peter Robinson
,
pers . commun
-
, 1983 )
.
A third, somewhat less common rock-type in map unit
"Sr" of the Rangeley is sillimanite+biotite-rich fissile
schist. This rock, less feldspathic them the schists
described above, weathers more deeply to a brick-red,
orange-brown, dark purple, or rusty color.
A fourth important Rangeley rock type is layered
granulite in beds typically 5 to 30 cm thick. Such
granulite occurs in sections from a few beds up to tens
of meters thick with little or no interlayered schist
.
Bedding thickness is fairly consistent, regardless of the
total thickness of the granulite section. The granulites
are dominated by quartz and plagioclase in a granular
texture, and can be broadly divided into two composi-
tional types, gray granulites and calc-silicate granu-
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1 ites
.
Estimated modes from some samples are presented
in Table 2.4. The most common variety is a dark blue-
gray, fine-grained, brittle rock that weathers medium- to
light-gray. In hand specimen, the gray granulites are
uninformative; in thin section they are boring. Quartz,
plagioclase, and biotite comprise most of the rock. The
gray granulites probably represent feldspathic silt-
stones
,
fine-grained sandstones , or wackes
,
originally
slightly calcareous. Quartz grains stick out of the
rough, weathered surfaces of some coarser-grained beds in
an apparent relict sandy or gritty texture. What seem to
be sand-or gravel-sized clasts in hand sample are indis-
tinct masses in thin section, presumably due to recrys-
tallization into a mosaic of smaller grains. Neverthe-
less, based on field characteristics and mineral composi-
tion, these coarser beds are believed to be metamorphosed
coarse sandstones or granule conglomerates.
Interlayered with the boring gray granulites are sub-
ordinate dark greenish-gray to light-green calc-silicate
granulites, typically consisting of quartz, calcic plag-
ioclase, biotite, diopside, sphene, and garnet in a gran-
ular texture. The texture and bedding style of the calc-
silicate granulites are generally like those of the gray
granulites, except that boudinage is somewhat more common
in the calc-silicate type. The proportion of green calc-
silicate to gray granulite is generally low, especially
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Table 2.4 Estimated modes for Rangeley Formation
granulites.
Symbols as in Table 2.2.
Sample WF468 WL583A WL107 WL822 WL857 WL865C
Map Unit Srq Sr Sr Sr Sr Src
Layer pjav green
Quartz 82 47 40 58 55 66 30
Plagioclase 5 3 48 30 32
.
20 45
Orthoclase 8
Sillimanite 3
Biotite 5 20 3 3 x 5
Garnet 4 2 6 5 7
Clinopyroxene 9 4 10
Orthopyroxene 1 3 1 1
Allanite X
Sphene 1
Calcite X X
Apatite X X X X X
Zircon X X X X
Opaque 1 1 3 2 2 1 1
Sample WL714A WL865J WF503
Map Unit Sr Srcs Src
Layer gray green A B C D
Quartz 29 25 20 70 50 74 27
Plagioclase 50 60 1 31 15 32
Biotite 10 r-bn7
Garnet 2 62
T T
., .,,1,1, , 1
.Homblende gnl gnl gn2
Clinopyroxene 15 10 15 15 2 15
Orthopyroxene 8
Cummingtonite X
Calcite 6 3
Scapolite 13 20
Sphene X 1 2 2 1
Apatite X X X X
Zircon X
Opaque 1 X 1 1 X
WF468 - Thick-bedded, garnet-bearing, sillimanite-bionte quartzite. From low outcrop in logging road
at 1040 ft elevation on hill south of North Road, NW part of Westford quadrangle. 2780 meters
S25WofBurleyHill.
WL583A - Dark-gray granulite. Thin section includes biotitic and calc-silicate layers. Sample from
one meter west of contact with "Srw", at 1060 ft. elevation, 200 meters S72W from top of 1151
ft. hill, 3850 meters S48W of Holland.
WL107 - Medium-gray, fine-grained, massive quartz-plagioclase granulite from pod in sillimanite-
garnet schist 1 130 meters N44E of East Brimfield.
WL822 - Pale greenish-gray granulite from a 15-cm-thick pod in sillimanite-garnet schist At 850 ft.
elevation, 250 meters S58E from where May Brook crosses state line.
WL857 - Pale greenish-gray, layered calc-silicate graulite with streaks of pink garnet Mode combines
regions with diopside and sphene and regions with orthopyroxene. 1320 meters S46W of East
Brimfield.
WL865C - Medium-gray, medium-grained plagioclase-quartz-biotite granulite. Taken 30 meters from
east end of abandoned railroad-cut, 2000 meters S35W of East Brimfield.
WL714A - Thinly interbedded dark-gray biotite granulite and olive-green calc-silicate granulite. From
rubbly outcrop 370 meters S55W from Burley Hill summit,
WL865J - Dark-gray, quailz-plagioclase-mopside-graphite-pyrrhotite calc-silicate granulite (layers C and
D). Thin section also contains a 4-mm-thick garnet-rich layer (A), flanked by garnet-free,
scapolite-bearing layers (B). See text for discussion. From abandoned railroad-cut, 2000 meters
S35W of East Brimfield.
WL503 - Medium-coarse-grained diopside-scapolite calc-silicate granulite. From basal unit of the
Rangeley Formation, 1060 meters N59W of Bald Hill summit
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in individual granulite beds or sets of a few granulite
beds enclosed in schist
.
Most of the green calc-silicate granulites in the
Brimfield member of the Rangeley occur in sequences of
layered granulites at least several meters thick. These
horizons
, of which green calc-silicate granulite may
constitute up to 50%, are mapped on Plate 1 as unit
"Src". Besides being more abundant, the calc-silicates
in the "Src" units are generally more calcic than else-
where in the formation, reflected by greater proportions
of diopside and sphene , local presence of minerals such
as calcite and scapolite, and only small amounts of bio-
tite. Prominent medium- to coarse-grained layers have a
green and white speckled texture
.
The intervals of gray and green granulites with lit-
tle or no schist have caused confusion because of their
similarity with parts of the Paxton Formation. They are
included here with the Rangeley Formation because they
are interleaved with Rangeley schists at the outcrop
scale. (See also Tucker, 1977.)
In addition to the calc-silicate granulites in unit
"Src", four localities of bedded impure marble in the
Rangeley Foramtion are shown on Plate 1, indicated by map
symbol "Srm" . These thin units are singled out because
they include beds with significant amounts of calcite,
wollastonite, or scapolite in addition to the ubiquitous
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calcic plagioclase, dark green diopside, and sphene , Two
of the impure marble localities, on Rattlesnake Mtn. and
near Finley Road, were discovered in the pipeline trench;
one of the localities, at the east edge of the Little
Alum Pond Belt, is exposed on the south side of the Turn-
pike in a road-cut (Plate 1). Only the locality at the
south end of the Bald Hill Belt is a natural exposure.
This raises the suspicion that thin marble beds are poor-
ly represented by outcrop exposures, and that if the ar-
tificial exposures are representative , their distribution
in the Rangeley may be greater than the outcrop-based map
indicates
.
The rock-types just described represent common exam-
ples from the mix of Rangeley rocks, but variations in
mineralogy, weathering characteristics, and bedding style
among these types are present as well. The Brimfield
member of the Rangeley Formation is characterized better
by an assemblage of rock types than by any one type in
particular.
Rattlesnake Mtn. Belt
The Rattlesnake Mtn. belt covers a broad area in the
western part of the study area, and it extends beyond the
limits of the study area. The base of the formation is
not exposed in this belt. Within the Rangeley Formation
of the Rattlesnake Mtn. belt are two major units of gray
schist; an extensive, thin unit of white schist; and a
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variety of thin units restricted to the Burley Hill area
in the southern part of the belt (Plate 1).
Western units
.
Rocks at the western edge of the
area, west of the Holland town line, were only studied
from pipeline trench exposures. The western unit of gray
schist (Srg), west of Route 19 (Plate 1), is along strike
with and probably represents the southern extension of a
unit mapped to the southern edge of the Warren quadrangle
by Pomeroy (1977). This unit can be traced north across
the Warren quadrangle, the Ware area (Field, 1975), the
Barre area (Tucker, 1977), and into New Hampshire (Rob-
inson, 1979). It was mapped as Littleton Formation in
the Gilbert Road syncline by Field (1975), and this ter-
minology was followed by Tucker (1977) (Figure 2.1).
Tucker (1977) reported 5 graded-bed localities in this
unit, 3 of which were overturned, indicating isoclinal
folding. This belt of gray schist was not mapped in the
northern part of the Wales quadrangle, where outcrop is
scarce. It is shown at the base of column 1, Figure
2.11.
In the trench exposure, this unit of "Srg" consists
of light-gray, coarse-grained, quartz-rich, sillimanite-
biotite-garnet-cordierite-feldspar-graphite schist . In
some places, the schist is not obviously layered; in some
places there are sillimanite-rich laminae , 1-3 mm thick,
spaced 0.5 to 2 cm apart which might reflect relict bed-
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ding; and in some places the schist alternates with 3-to
5-cm-thick layers of coarse-grained quartz-feldspar-
garnet granulite, which probably represent beds. By
local standards
, the garnets are medium-sized, about 1-2
cm across. The garnets are commonly mantled by feldspar,
with sillimanite-rich tails parallel to the foliation.
These rocks are similar to those described to the north
in the schist of Gilbert Goad, and the trench exposure
undoubtedly belongs to the same unit.
The eastern unit of gray schist (Srg), exposed east
of the village of Brimfield (Plate 1), can also be traced
northward into New Hampshire. It was mapped as Littleton
Formation in the Kruse Road syncline by Tucker (1977),
and will be called here the schist of Kinase Road (Figure
2.1). In the Brimfield-Sturbridge area, the schist of
Kruse Road is well exposed in the turnpike road-cuts,
near Route 20, and near Pace Road (Plate 1). Pomeroy
(1977) also indicates good exposure on East Hill, and
Seiders (1976) shows outcrop on Grandy Hill, although the
pipeline trench there encountered only surficial ma-
terial. This unit is tentatively interpreted to be
younger than the schist of the Gilbert Road belt (Figure
2.11, col. 1).
In the Brimfield-Sturbridge area, the schist of Kruse
Road is characterized by gray-weathering to locally
brown-weathering, poorly layered, quartz-sillimanite-
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biotite-garnet-cordierite-feldspar-graphite schist.
Layers of light-gray, quartz-feldspar-biotite granulite
are rare
.
Garnets
,
typically 1/2 cm across , are evenly
distributed through the rock, except for a few layers
which contain larger garnets up to 1 cm across. As noted
for the Barre area (Tucker, 1977), as in the Brimfield-
Sturbridge area, the generally poor layering and abun-
dance of quartz serve to distinguish the schist of Kruse
Road from grossly similar units of gray schist to the
west .
At all three places where the contact of the schist
of Kruse Road was studied, thin layers of very sulfidic
rock are present at the contact- On the south side of
the Turnpike, the gray schist is bounded to the east by
20 cm of very dark gray, sulfidic, graphitic, calc-
silicate granulite (Srcs). In the road-cuts on Route 20,
the rocks east of the gray schist include slabby, sul-
fidic calc-silicate granulite, and sulfidic white schist
(Figure 2.12). At the third locality, southwest of the
intersection of Pace Road and Agard Road (Plate 1), out-
crops constrain the western gray schist contact to within
5 meters. At the base of the first outcrop of rusty-
weathering schist west of the contact, there is about 50
cm of white schist, which could be as much as 5 meters
thick.
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The presence of very sulfidic rocks on the contacts
of the schist of Kruse Road may be an important correla-
tion tool. This speculation is supported by two lenses
of sulfidic schist on the western contact of the same
unit in the Templeton quadrangle, shown by Robinson
(1979) as equivalent to the white schist member of the
Paxton, and tentatively correlated by Zen and others
(1983) with the Fitch Formation to the west.
Farther north, Thompson (1985) extrapolated the
schist of Kruse Road through the southeast corner of the
Monadnock, New Hampshire quadrangle, which he assigned to
the Rangeley Formation, but he did not report any out-
crop. Where the gray schist would project into the
southwestern corner of the Peterborough quadrangle, Duke
(1984) shows only rusty-weathering schist of the Range-
ley
.
White schis
t
. East of the schist of Kruse Road in
the Rattlesnake Mtn. belt, exposures of sulfidic white
schist have been mapped as a single, thin, sinuous unit
(Srw, Plate 1). This unit also connects northward
through the Warren quadrangle and across much of central
Massachusetts, although its map pattern is uncertain in
some areas (Field, 1975; Pomeroy, 1977; Tucker, 1977;
Robinson, 1979; Robinson et al., 1982b; P.J. Thompson,
unpub. data). Exposures north and south of Route 20 have
been connected in a fold-pattern (Plate 1), but it is
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equally possible that the several exposures represent two
or three disconnected lenses instead.
This white schist unit is less than 50 meters thick,
only locally contains quartzite beds, and does not crop
out well. At three localities, its western contact is
exposed or tightly constrained- On the west-facing hill-
side north of Route 20, a ridge of white schist with in-
terbedded quartzite (Srw) is flanked to the west by a
small ridge of gray-weathering schist. Their contact is
not exposed, but because of the dip slope the base of the
gray schist outcrop would project to within 3 meters of
the top of the white schist outcrop. The gray schist
contains big, walnut-sized garnets in addition to silli-
manite, biotite, cordierite, quartz, feldspar, and graph-
ite. It would be an eminently mappable rock type, but
unfortunately no other exposures were found in the vicin-
ity. The gray schist has been included in map unit "Sr"
(Plate 1).
A second locality important to this unit of "Srw" is
north of Five Bridge Road. Near the top of a small east-
facing slope, light gray, slabby granulites rest directly
on the western contact of the white schist unit. This
observation requires reconsideration of the interpreta-
tion of Zen and others (1983) that the white schist unit
at that place (their unit "Spsq") is flanked to the east
by the Paxton Formation and to the west by the Partridge
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Formation. Light-gray, slabby granulite with interbedded
schist characterizes the Paxton in this area as mapped
for the Bedrock Geologic Map of Massachusetts (Peter
Robinson, pers. commun.
,
1984; Robinson and Goldsmith, in
press). This suggests that "State Map Paxton" is on both
sides of the white schist. At this locality, the "Pax-
ton" to the east and the "Partridge" to the west are both
reassigned to the Rangeley (Plate 1).
A third locality, in the pipeline trench, confirms
the relationship at the Five Bridge Road locality. The
western contact of the white schist unit in the trench is
also against slabby
,
garnet-bearing quartz-feldspar-bio-
tite granulites.
Pipeline trench exposure. The exposure across
Rattlesnake Mtn. was one of the most continuous in the
pipeline trench, about 3/4 of a mile long, with 85% out-
crop. A representation of this segment of the trench is
shown in Figure 2.13. The variety of rock-types, thick-
nesses, and sequences depicted are typical of the Brim-
field member of the Rangeley. The eastern part of this
section is in the Little Alum Pond belt (Figure 2.13),
and is discussed below.
The trench section in the Rattlesnake Mtn. belt is
dominated by sulfidic, sillimanite-garnet-biotite-cordi-
erite schists with intervals of interlayered slabby
granulites. The schists are variably quartzo-feld-
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spathic, and range from fissile and crumbly to hard and
brittle, commensurate with their mineralogy. The granu-
lites are predominantly medium-gray to dark-bluish-gray
quartz-feldspar-biotite+garnet+diopside granulites
;
light-green, diopside-rich calc-silicate granulites are
rare in this section. No distinctive rock types or se-
quences of rock types were found that might be used as
stratigraphic markers or for mapping. The white schist
unit (Srw) had been mapped before the trench was dug; and
the thin, wollastonite-bearing marble unit (Srm) was not
traceable outside the trench (Plate 1 )
.
The irregularly interlayered gray, slabby granulites
and sulfidic schists of this segment of the trench are
typical of the Rangeley Formation in the area. Certain
intervals contain more or less granulite, but it is not
easy to subdivide into units in nearly perfect exposure,
let alone in natural outcrops. To the north, Tucker
(1977) assigned similar interbedded schist and granulite
to the Paxton Formation, which he distinguished from the
Partridge Formation to the west that is dominated by
schist. Seiders (1976) also attempted to map granulite-
richer (hugg) and schist-richer (hugs) units in this
area. These rocks are all assigned here to the Rangeley
Formation, interpreted to contain irregularly interbedded
schist and granulite.
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Burley Hill area. The Rangeley Formation in "the
Burley Hill area (Figure 1.2, Plate IS) includes several
distinctive rock-types. Unfortunately, their relation-
ships and map pattern are uncertain. Dense laurel cover
is partly to blame for the incomplete mapping, but an-
other assault is needed.
The most intriguing feature on Burley Hill and to the
south, is the presence of several thin units of sulfidic
white schist, mapped as "Srw" (Plate 1). At the south
end of the map-area, near Sartori Road, there are four
map units of white schist, separated by intervening
units. In contrast, the only white schist outcrops found
on the eastern side of Burley Hill, northeast of the
large tonalite body, are partway down the eastern slope
of Burley Hill, faulted against the Leadmine Pond Gneiss.
A "W 11-shaped fold-pattern with white schist units closing
to the north is offered on Plate 1 as one way to account
for the apparent absence of these units to the northeast.
The white schist units contain, in addition to white
sulfidic schist, about 1/3 interbedded rusty-weathering,
white, graphitic quartzite. The quartzite beds range
from less than a centimeter to 20 cm thick. Some out-
crops are dominated by the thicker quartzite beds, and
contain only thin partings of interlayered rusty silli-
manite-graphite schist. The western unit of "Srw" is
enigmatic because it contains some beds of dark-gray,
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garnet-bearing quartz-feldspar-biotite granulite as well
as typical white schist. This is the only place known in
the study area where garnet-bearing rocks appear to be
interstratified with sulfidic white schist. In outcrop,
the granulites do not appear to be folded or faulted into
place
.
The next unit to the east, "Srs" (Plate 1), is het-
erogeneous - It contains some routine , red-weathering
Rangeley schist with granulite pods and beds, but it also
includes some distinctive, thinly interlayered, fine-
grained, dark-gray and green granulites. Layering in the
granulites is from 2 mm to 10 mm thick and planar, with
the biotitic granulites slightly thicker than the calc-
silicate granulites. The dark purplish-gray to black
granulites contain quartz, plagioclase, biotite, ortho-
pyroxene, and spots of deep purple garnet. Aligned bio-
tite grains commonly define a foliation, but none of the
rocks are truly schistose. The interlayered calc-sili-
cate granulite is a smooth, olive-green color and con-
tains quartz, plagioclase, diopside, and sphene. Both
granulite types are fine-grained and texturally similar,
so the rock breaks into rectangular blocks across the
layering rather than into slabs parallel to layering
.
The biotite granulites weather to a finely pitted, rough
surface which contrasts with the smoother-weathering
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calc-silicate layers. The weathering color is dull brown
to rarely slightly rusty
.
Sample WL741A contains layers of both biotite granu-
lite and calc-silicate granulite, for which modes are
reported separately in Table 2.4. In hand specimen, lay-
er contacts appear very sharp to diffuse, suggestive of
graded bedding in places. But microscopically, the rock
is a protomylonite in which all grain boundaries have
been dynamically recrystallized, leaving a mosaic of sub-
angular megacrysts totally surrounded by a network of
very fine, recrystallized grains. It is not likely that
graded beds have been preserved in this rock.
The distinctive granulites in unit " Srs " are finer-
grained than other granulites in the Brimfield-Sturbridge
area assigned to unit "Src" or to the Madrid Formation,
so a separate map symbol has been used. Lithologically
,
the thinly bedded granulites in "Srs" are indistinguish-
able from some of the darker-colored, thinly layered
granulites in the Paxton Formation to the east. But
other rocks included in "Srs" are typical of the Rangeley
Formation and so these granulites are assigned to the
Rangeley. Locally, the "Srs" unit is interpreted to be
younger than the flanking white schist units (Figure
2.11, col. 2). Possible correlations with the Paxton
Formation to the east are speculative.
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The eastern contact of unit "Srs" is present in
outcrop, north of the North Road-Sartori Road inter-
section (Plate 1). At the top (west side) of the steep,
east-facing outcrop is garnet-bearing, rusty-weathering
sillimanite schist, with dark gray calc-silicate pods,
and slabby calc-silicate layers . These rocks are lumped
into unit "Srs". At the base (east side) of the outcrop
is orange-rusty-weathering, sillimanite-rich, pale-
biotite schist assigned to "Srw" . The schist-on-schist
contact between units can be located to within 20 cm by
garnet above and white mica below
.
The sequence of rock types at the eastern contact of
this white schist unit is defined by several closely
spaced outcrops southwest of the summit of Burley Hill
(Plate 1). The following common Rangeley rock types are
interlayered east of this contact: very rusty, garnet-
bearing schist; interlayered schist and slabby gray calc-
silicate granulite; bedded quartzite; and interlayered
gray biotite granulite and green calc-silicate granulite.
South of North Road, the eastern three of the white
schist units are separated by a quartzite-rich unit, la-
beled "Srq", repeated by folding (Plate 1). The "Srq"
unit is interpreted to be older them "Srw" (Figure 2.11,
col. 2). The "Srq" quartzites are blocky, yellow-brown
to red-weathering, light-gray quartzites that contain
garnet, sillimanite, biotite, and graphite. Bedding is
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typically 10 cm thick, and ranges up to 40 cm. The
quartzite is interbedded with generally subordinate
amounts of red-brown to rusty-weathering sillimanite-
garnet-biotite schist, from 5 mm to 50 cm thick.
The western unit of white schist, although inter-
rupted by tonalite, extends to the northeast from Burley
Hill across the state line to the eastern edge of the
belt where it is truncated by a thrust fault (Plate 1).
Similarly, the eastern unit of white schist (Srw), and
its neighboring quartzite (Srq) are truncated on the
eastern side of Burley Hill by a thrust fault (Plate IS).
Two other rocks in the Burley Hill area possibly
important to local interpretation are the gray schist
southwest of Burley Hill (Srg), and the amphibolite-
bearing lens on the west side of New City Road (Sra).
The gray schist is a wholesome, coarse-grained
pelitic schist, with big garnets up to 2 1/2 cm across.
It weathers gray to locally orange-rusty. Slabby, gray
granulite layers and pods are common, but they are widely
spaced and not abundant. One pod of dark-gray, vitreous
granulite was measured at 40 cm thick in the middle, and
2 meters long. This unit of "Srg" is bounded both to the
east and to the west by red- to rusty-weathering schists
assigned to the Rangeley. To the north, it is apparently
truncated by a mylonite zone (Plate 1). This schist is
113
similar "to -the unmapped outcrop on the western side of
unit "Srw" north of Route 20, mentioned above.
Amphibolite. On the west side of New City Road is a
small amphibolite-bearing lens. It is well exposed in
the bedrock walls of an abandoned cellar hole on the west
side of New City Road, and discontinuously in small out-
crops for a short distance to the south. The rock con-
sists of rusty-weathering, thinly layered hornblende-
plagioclase-pyrrhotite amphibolite and dark green, diop-
side-plagioclase calc-silicate gneiss. A few lighter-
colored, plagioclase-richer calc-silicate layers contain
what appears in hand sample to be scapolite. The layers
range from a few millimeters to several centimeters
thick. From the field observations, the rock is believed
to represent metamorphosed mafic tuff with intercalated
calcareous sediment, rather than a metamorphosed gabbro
or dike rock. A sample of thinly layered amphibolite and
clinopyroxene gneiss from this outcrop was studied by R.
Schumacher (1987). She interpreted its whole-rock chem-
istry to indicate a basaltic composition.
The assignment of this lens to either the Rangeley or
the Partridge causes problems. If it is assigned to the
Rangeley, it creates a stratigraphic problem, and if it
is assigned to the Partridge, it creates a structural
problem.
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Stratigraphically, rusty schist with amphibolite pods
in central Massachusetts has always been assigned to the
Partridge Formation, based on correlation with the well
characterized Bronson Hill sequence to the west (Robin-
son, 1963; 1967a; 1967b; Thompson et al.
,
1968; Hollo-
cher, 1985; Robinson et al.
,
1988; and many others). In
the present case, however, adjacent outcrops to the
north, across the road to the east, and on strike to the
south all contain red-weathering schist with calc-sili-
cate pods, slabby granulites, or quartz-rich, gritty
granulites, all typical of the Rangeley. The dilemma
which is brought to a head by outcrop WL406 is the re-
gional stratigraphic relationship between the Partridge
Formation and the Rangeley Formation. Assuming that this
amphibolite is really a volcanic rather than an intrusive
rock, assigning it to the Rangeley would cloud the litho-
logic distinction between the Partridge and the Rangeley.
One possibility in this case might be that the Rangeley
conformably overlies the Partridge.
Assigning the amphibolite lens to the Partridge For-
mation, on the other hand, would mean that the contact
between the Rangeley and Partridge Formations is curved
on the map, and not parallel to the foliation. Further-
more, since the Partridge is older, any fold would be a
stratigraphic anticline, with tops toward the west on the
west and toward the east on the east. This contradicts
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the interpretation along strike in the northern part of
the Brimfield-Sturbridge area in which the stratigraphy
is believed to face eastward from the gray schist of
Kruse Road to the Madrid Formation on the east.
A structural solution, which could keep this amphibo-
lite in the Partridge, would be to postulate some kind of
a fault between the "Partridge" and adjacent Rangeley
outcrops to the east and south. No field evidence for a
fault there is known , but there are several unexplained
geologic features along strike to the north in this zone,
which is the Wickaboag Pond anticline of Tucker (1977)
(eastern part of Wickaboag Pond anticline of Field,
1975): 1) In the Brimfield-Sturbridge area, the schist of
Kruse Road (Srg) and the white schist unit to its east
(Srw), are much closer to each other toward the south
than in the north, suggesting truncation of the inter-
vening rocks; 2) all the major linear map units of gray
schist occur west of this area, and most of the white
schist and all of the Paxton occur east of this zone (Zen
et al., 1983); and 3) Field (1975) and Tucker (1977) re-
ported more amphibolite in this belt than in any other,
and the ultramafic pod of Field (1975) is in this belt.
Perhaps coincidentally , Duke (1984) shows the Spofford
Gap fault, a post-metamorphic silicified zone in approx-
imately this location, at the southern edge of the Peter-
borough, New Hampshire quadrangle (Figure 1.2).
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The amphibolite west of New City Road is tentatively
assigned to the Rangeley (Plate 1).
Little Alum Pond Belt
The basal portion of the Brimfield member of the
Rangeley Formation is best known from this belt. The
contact with the underlying Leadmine Pond Gneiss, in-
terpreted to be an unconformity, is exposed at two lo-
calities. Within the undifferentiated schist and granu-
lite (Sr), there are lenses of gray-weathering schist
(Srg) and extensive thin units of white, sulfidic schist
(Srw); sulfidic calc-silicate granulite (Srcs); and lay-
ered light-gray calc-silicate granulites (Src). Four
areas of abundant outcrop provide excellent control for
the sequence of units (Figure 2.11, cols. 3 and 4) and
expose several contacts, namely, near Little Alum Pond
Road, near Five Bridge Road, the small hill north of
Morse Road, and on the east flank of Rattlesnake Mtn.
(Plate 1).
The unconformity. The inferred unconformity between
the Leadmine Pond Gneiss to the west and the Rangeley
Formation to the east is exposed on the east-facing slope
of Rattlesnake Mtn. The basal 3 meters of Rangeley that
was exposed in the trench is feldspathic biotite granu-
lite with tiny garnets, interbedded with sulfidic, silli-
manite-gamet schist. This is succeeded to the east by
about 5 meters of medium- to light-gray, quartz-feldspar-
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biotite-sillimanite-garnet-cordierite schist interlayered
with subordinate light-gray, biotite-poor, feldspar-
quartz-sillimanite-garnet-graphite gneiss. East of the
gray rocks is rusty-weathering, sulfidic sillimanite-
garnet-cordierite schist.
From the pipeline, the unconformity can be traced
southward along the hillside by closely-spaced outcrops
of gneiss to the west and schist to the east. The
Rangeley within 5 meters of the contact consists of
red-brown-weathering, thinly interlayered schist and
quartz-rich granulite with layers 1/2 to 2 cm in thick-
ness. Where the unconformity is exposed, 200 meters
south of the pipeline, the base of the Rangeley is repre-
sented by a bed of dark-gray, blocky calc-silicate granu-
lite 8 cm thick that rests against layered plagioclase
gneisses to the west. The calc-silicate rock consists of
fine-grained
,
equigranular quartz
,
plagioclase
,
diopside
,
biotite, and sphene.
A second exposure of the unconformity is in the val-
ley floor 1150 meters north of the state line (Plate 1).
The Rangeley there consists of brown- to rusty-weather-
ing, massive, feldspathic sillimanite-biotite-garnet
schist with subordinate beds of dark-gray, calc-silicate
granulite. It rests against felsic gneiss with inter-
layered amphibolite of the Leadmine Pond Gneiss to the
west. The contact is parallel to the gneissic layering
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and foliation to the west and to the schistosity and
calc-silicate layers to the east.
Dndifferentiated schi st anH fyramilit^ In the Little
Alum Pond belt, the most common Rangeley rock-type inclu-
ded under the symbol "Sr" (Plate 1) is reddish-brown-
weathering sillimanite-biotite-garnet-cordierite schist
with interlayered dark gray quartz-plagioclase granulite.
Deeply rusty-weathering rocks are less common. The layer
thicknesses, typically 3 to 10 cm, are fairly consistent
although the proportion of schist to granulite ranges
from 0 to 1.
The following descriptions from the unit "Sr" reflect
a general stratigraphic order inferred from their geo-
graphic distributions on the map (Plate 1), although
precise stratigraphic positions are not known.
Rocks from the lowest part of the formation are ex-
posed in several places along the western part of this
belt. Near Five Bridge Road and Morse Road (Plate 1),
they include red-brown-weathering, feldspathic silliman-
ite-garnet schists in 3-to 5-cm thick layers. Gray-
weathering, garnet-bearing calc-silicate granulite occurs
in scattered pods; otherwise, granulites are not abun-
dant. Locally, the schist is deeply rusty-weathering and
contains garnets up to 1 cm across.
On the east flank of Rattlesnake Mtn. , the basal 200
meters of the Rangeley includes with the schist a greater
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proportion of slabby granulite. The dark bluish-gray
granulite occurs in schist-free intervals up to 5 meters
thick in which individual layers are 1 to 5 cm thick.
Locally, the granulite intervals include greenish-gray
layers, richer in diopside. The finer-grained, more
flinty, quartz-feldspar-diopside granulites weather light
gray, and the coarser-grained, more crumbly, biotite- and
sillimanite-bearing varieties weather yellowish- or red-
dish-brown. Schists in this area weather brown, reddish-
brown, or pinkish-red. Generally, they are feldspathic
"hardschists" rather than coarse-grained, fissile
schists
.
A third outcrop area near the base of the formation
is 850 to 1150 meters north of the state line. The rocks
there are reddish-brown-weathering layered schists with
interlayered intervals of granulite, similar to the Rat-
tlesnake Mtn. area. The thin area of "Sr" between the
northward-reaching tonalite fingers consists of well bed-
ded clean quartzite and rusty-weathering sillimanite-bio-
tite-graphite quartzite, with thin interbeds of rusty
sillimanite schist. Bedding thicknesses range from 1/2
to 10 cm. This area is presently about 150 meters from
the base of the Rangeley, but half of this thickness is
occupied by tonalite, partly occluding the stratigraphic
relationships
.
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In "the southern part of the Little Alum Pond belt,
interlayered gritty granulite beds are common.
Northeast of Little Alum Pond, near the thin units of
MSrc" (Plate IN), the schists of "Sr" are dominantly red-
weathering, including some bright brick-red-weathering
rocks
.
Feldspathic gneiss lens. 13 meters east of the
bottom of the Rangeley on the east flank of Rattlesnake
Mtn. is a heterogeneous unit of light-gray, feldspathic
gneiss (Srf) about 40 meters thick (Figure 2.13; Plate
1). Generally, this unit is characterized by light-gray,
poorly layered, well foliated biotite-quartz-feldspar
gneiss, locally rich in garnet or sillimanite. It com-
monly includes wispy stringers, thin pods, or layers of
light-gray, sillimanite-garnet-biotite-cordierite-graph-
ite schist. Other rocks within the gneiss include fine-
grained, pinkish-white sillimanite-garnet gneiss with
thin biotite laminae; light-gray, slabby biotite-quartz-
feldspar granulite; isolated layers of light-green calc-
silicate granulite 4 cm thick; and light-purplish-gray
,
layered granulite with widely spaced, thin layers of
» calc-silicate granulite.
The various interlayered rock-types of "Srf" must be
attributed to more than one protolith. The schists,
granulites, and calc-silicate rocks suggest a significant
sedimentary component, and the remaining quartzo-feld-
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spathic gneisses probably represent deformed felsic in-
trusive rocks. There is so much schist and granulite
interlayered with the gneisses that it seems more likely
that the melts were locally derived rather than intruded
from afar. In this interpretation, the gray schist and
granulite represent a stratified unit in the Rangeley,
which was cooked in its own juices. This speculation is
perhaps supported by the occurrence of ubiquitous light-
gray pegmatite and felsic gneiss in better preserved gray
schist units and layered granulite units in the area. An
alternative, that the felsic gneisses might represent
felsic volcanics is considered less likely.
Srcs. East of the feldspathic gneiss unit just
described (Srf) is a thin unit mapped as "Srcs", con-
sisting of rusty-weathering, slabby
,
black, sulfidic,
graphitic calc-silicate granulite with minor blue-gray,
sulfidic, sillimanite- and graphite-rich schist contain-
ing pale purplish-bronze biotite (Figure 2.13; Plate 1).
This unit is bounded on both sides by sillimanite-garnet-
cordierite schist (Sr). It is lithically similar to the
more extensive sulfidic unit to the east.
Srg. About 100 meters above (east of) the uncon-
formity in the Five Bridge Road area is a lens of gray
schist and granulite (Srg) less than 10 meters thick
(Plate 1; Figure 2.11, col. 3). The schist is typically
quartz+biotite+garnet-rich, but less common 2- to 3-mm-
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thick layers are very rich in sillimanite. Layering is 5
to 15 cm thick and regular. Some light-gray, quartz-rich
granulite layers and lenses are interlayered with the
schist.
Srt- In the Five Bridge Road area, there is a thinly
bedded, quartzite-bearing variety of the Rangeley in the
core of the anticline between the units of "Src" (Plate
1). These rocks are designated "Srt" to emphasize their
lithic type and stratigraphic position. This unit is
interpreted to be a local variety of the Range ley, and a
lateral facies boundary with "Sr" is drawn arbitrarily in
the swamp south of Morse Road (Plate 1).
The most distinctive characteristics of the "Srt"
unit are its regular, 2- to 4-cm-thick bedding, and the
interlayered reddish-weathering quartzites. In addition,
the unit includes beds of sillimanite-biotite-graphite
schist with large garnets; gritty-textured quartzites;
quartz-plagioclase-biotite granulites; and a few garnet
quartzites. The western contact, with sulfidic schist of
"Srw", is exposed south of Route 20 near the tonalite
body (Plate 1). About 20 cm from the contact, "Srt"
contains a 2-cm-thick lens of quartz-granule conglomer-
ate.
The eastern contact of "Srt", with slabby biotite
granulites and calc-silicate granulites of "Src", is also
exposed, 1080 meters south of Route 20. In the present
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interpretation, this is the same contact as the western
side of "Srt", repeated by an isoclinal fold, and with
"Srw" locally missing on the eastern limb.
Sulfidic schist and sulfidio ffrannlitfl ht»H.b Small
areas of sulfidic, graphitic rocks are widespread in the
central and southeastern part of this belt. Although
white, sulfidic schist (Srw) and sulfidic calc-silicate
granulite (Srcs) are mapped separately where practical,
these contiguous rocks are interpreted to comprise equiv-
alent lateral facies of a single, thin unit which is re-
peated by isoclinal folds (Plate 1). In general, the
sulfidic rocks lie between rusty-weathering schist and
granulite (Sr), believed to be older, and layered calc-
silicate granulites (Src), believed to be younger (Figure
2.11, cols. 3 and 4). The composite sulfidic unit ranges
up to 40 meters thick, and in some places is known to be
absent.
The western of the three fold limbs is dominated by
sulfidic calc-silicate rocks (Srcs). The abandoned rail-
road-cut 2000 meters S35W of East Brimfield exposes a
section through this rock-type perpendicular to strike
(Figure 2.14). It weathers generally brown to rusty,
with red speckles in certain layers. The rocks are dark
olive-green, greenish-gray, dark-gray, or black, slabby
granulites. Some are strongly magnetic due to dissemin-
ated pyrrhotite. Quartz and plagioclase are the major
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minerals, with various amounts of diopside, biotite, and
garnet, and accessory pyrrhotite, graphite, apatite, and
sphene
.
In the same cut, 15 meters west of the contact with
"Src", there is a salmon-colored layer 4 mm thick (Figure
2.14, sample WL865J). The color is due to abundant fine-
grained garnet, presumably grossular-rich, in a quartz-
diopside-calcite-sphene calc-silicate rock (Table 2.4,
sample WL865J
,
layer A). Most of the calcite and all of
the plagioclase is enclosed by the anhedral masses of
garnet, suggesting the garnet was produced by a meta-
morphic reaction which consumed plagioclase and calcite
in the presence of diopside and quartz.
The rock to both sides of the salmon-colored stripe
are mineralogically zoned. Adjacent to the garnet rock
are 3-mm-thick layers of quartz-diopside-scapolite-sphene
calc-silicate rock. Plagioclase and calcite are conspic-
uously absent (Table 2.4, Sample WL865J, layer B). The
scapolite-bearing layers are free of garnet, and the
garnet-bearing layer is free of scapolite. The width of
the scapolite-bearing layers is the same on both sides of
the garnet-bearing layer.
The scapolite-bearing layers are flanked in turn by
layers 14 mm thick of greenish-white, quartz-plagioclase-
diopside-sphene calc-silicate granulite with small
amounts of green hornblende (Table 2.4, sample WL865J
,
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layer C). The next rock is dark gray, graphitic calc-
silicate granulite typical of the rest of the exposure
(Table 2.4, sample WL865J, layer D).
Despite being so thin, the salmon-colored layer cuts
through all four parallel faces of the railroad-cut,
about 50 meters along strike. Its continuity and min-
eralogy suggest this layer was a calcareous bed in the
"Srcs" unit. The thin scapolite-bearing layers are
probably metasomatic reaction zones between the thin
calcareous layer and the surrounding biotite-graphite
granulites.
Mapping the western contact of the "Srcs" unit in the
Five Bridge Road area is hampered by a rusty-brown-weath-
ering orthopyroxene gneiss, interpreted to be intrusive
("Dog", Plate 1; Figure 2.14). The crumbly-weathering
gneiss is generally poorly preserved and appears super-
ficially like some of the rusty, feldspathic granulites
of "Srcs".
On strike to the south, on the small hill north of
Morse Road (Plate 1), the position of the sulfidic gran-
ulite unit is occupied largely by the orthopyroxene
gneiss (Dog). The sulfidic unit is represented by a thin
skin of white, sulfidic sillimanite-graphite schist (Srw)
along the western side of the gneiss. Still farther to
the south, 340 meters south of the pipeline (Plate 1),
the sulfidic unit includes both schist and dark blue-
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gray, graphitic, calc-silicate granulites under the
symbol "Srcs".
The sulfidic unit in the middle of the three fold
limbs is dominated by very rusty-weathering, quartz
-
feldspar-sillimanite-magnesian biotite-pyrrhotite-
graphite schist (Srw). Discontinuous outcrops of white
schist follow the ridge to the south, including an ex-
posure a few meters north of Five Bridge Road. Slabby,
sulfidic calc-silicate rock is exposed in a small outcrop
500 meters south of Route 20, associated with the white
schist, supporting the correlation of the two sulfidic
rock types.
The very sulfidic rocks on the eastern fold limb con-
sist of white schist (Srw). Sulfidic calc-silicate is
not abundant. The white schist is well exposed in the
driveway-cuts on the west side of Hisgen Road, 860 meters
west of Holland; and at several other localities to the
south (Plate 1). The northernmost exposure is 350 meters
north of Morse Road, north of which the white schist
pinches out along the eastern contact of "Srt" as de-
scribed above.
It is not known whether the sulfidic unit continues
through the northwestern part of this belt, in the vicin-
ity of Little Alum Pond, because outcrop there is poor.
Some white schist is present to the north in the Warren
quadrangle, approximately on strike with the Little Alum
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Pond belt (Vincent DelloRusso, pers. commun.
,
1988), sug-
gesting it may continue, but a firm connection to the
north has not yet been made.
Src, Slabby, light-gray, feldspathic granulite
interlayered with greenish-gray calc-silicate granulite
are mapped as "Src", widespread in the Little Alum Pond
belt. An estimated mode of a calc-silicate layer from
the abandoned railroad-cut (Figure 2.14) is presented in
Table 2.4 (Sample WL865C). Such green, diopside-rich
layers makes this unit distinctive. Two minor rock-types
are contained within "Src": gray schist, and pebble con-
glomerate. The gray schist (Srg), comprises two mapped
lenses between Five Bridge Road and Route 20 (Plate 1).
It is rich in sillimanite, biotite, garnet, and graphite,
and the garnets are locally coarse, commonly 2 cm across.
Thin layers of gray schist less than 50 cm thick occur
within "Src".
A few layers of pebbly, granulite-matrix conglomerate
occur within "Src" in the outcrops along the west side of
Five Bridge Road, 920 meters S47W of East Brimfield. The
layers are 5 to 10 cm thick, and contains relict clasts
up to 6 cm across, consisting predominantly of quartz
.
In the region south of Route 20, "Src" occurs twice
across strike, repeated by folding. The western unit
closes to the south at about the latitude of Holland.
The eastern unit extends southward to the edge of the
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mapped area, following the fault along its eastern side.
The same eastern unit extends also to the north, where it
is divided into two parts, northeast of Little Alum Pond.
No rocks equivalent to "Srw" are present along the con-
tacts of "Src" there, suggesting that "Sr" and "Src" may
be interfingered rather than infolded.
A thin unit of interlayered calcite-bearing marble
and calc-silicate granulite (Srm) is present at the
northeastern edge of the Little Alum Pond belt, exposed
in the Turnpike cuts (Plate 1). It is bounded to the
west by a unit of typical "Src" granulites. It is not
known whether these rocks are equivalent to the next
"Src" unit to the west, or whether the marble-bearing
layer represents a higher stratigraphic level.
East Brimfield Belt
The sequence of rocks in this belt has been pieced
together from several local areas into a composite sec-
tion (Figure 2.11, col. 5). There are no good exposures
of the whole sequence in any one area.
The unconformity at the base of the Rangeley is dis-
played in the road-cuts at East Brimfield. There is a
basal calc-silicate granulite unit about 20 meters thick
(Src), succeeded by brown-weathering, generally poorly
layered, medium-grained, feldspathic schist (Sr) (Plate
1). The schist locally contains beds of massive, gritty,
quartz-feldspar-biotite granulite. Farther south, near
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the north end of Holland Pond, the schist within a few
meters of the unconformity is similarly brown-weathering
and massive.
Southeast of Holland Pond, the pipeline trench cut
through two thin units of white, sulfidic schist (Srw).
The western of the two was exposed entirely, and it is
flanked on both sides by rather mundane, rusty-weathering
sillimanite-garnet-biotite schist of "Sr". The eastern
"Srw" unit is exposed also in outcrop by Alexander Road
to the north- It likewise is flanked by Rangeley schists
on both sides. These two places demonstrate that in con-
trast to the Little Alum Pond belt, the white schist of
the East Brimfield belt is not closely associated with
calc-silicate granuite units (Src).
Janes Hill Belt
Only a small amount of cover rock is present in this
thin belt, but the sequence at the southern end of the
belt includes several units (Plate 1). The sequence
(Figure 2.11, col. 6) is similar to that of the Little
Alum Pond belt (Figure 2.11, col. 3), but the units are
thinner and there are a few differences.
The pair of units "Srw" and "Src" is present in this
belt, as in the Little Alum Pond belt, with sulfidic
schist unit "Srw" locally absent. One interesting
feature is that the lens of sulfidic schist north of
Webster Road (Plate 1) is not in contact with the calc-
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silicate granulite unit "Src", but is separated from it
by feldspathic schist (Srf).
Overlying the calc-silicate granulite unit (Src) is a
distinctive unit "Sri", which consists of coarse grained,
gray-weathering, wholesome politic schist interbedded
with quartzite on a scale of 2 to 5 cm. The schist,
dominated by quartz, sillimanite, and biotite, contains
abundant garnets ranging from 5 mm to 3 cm across. In
several places, variations in mineralogy suggest graded
beds may have been present in the schist, but abundant
small quartz and pegmatite veins parallel to layering
have hindered a definitive call. Most quartzite beds
have sharp contacts. A few quartz-rich calc-silicate
beds are also present.
This gray schist unit is present only in an isoclinal
syncline , so its upper contact is not preserved.
Bald Hill Belt
Notable features in the Bald Hill belt include the
thin layers of bedded marble near Finley Road at the
north end of the belt, and on Snow Hill at the south end
of the belt (Plate 1). Most of the remainder of the belt
consists of various brown- to rusty-weathering schists
(Sr). Locally, the schist is well bedded (Figure 2.15),
but rocks with this bedding style have not been mapped
separately
.
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Figure 2.15 Sketch of well bedded schist on Bald H
Fine stippled areas = garnet grains. Thin lines =
sillimanite-biotite-garnet schist. Coarse stipple =
quartz-feldspar granulite
.
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Hamant Brook Belt.
At the base of the Rangeley Formation in this belt is
a prominent unit of calc-siicate granulite, "Src" (Plate
1; Figure 2.11, col, 11). The overlying rocks include a
large proportion of slabby, feldspathic, gritty granulite
layers with subordinate rusty-weathering schist.
Smalls Falls Formation
Name
The name Smalls Falls Formation was redefined by
Osberg, Moench, and Warner (1968). Its type locality is
10 miles southeast of Rangeley in western Maine (stop 7
of Moench and Boudette, 1970). The name has been used
for correlative rocks in contiguous areas of western
Maine (Moench et al.
,
1988, and references therein), and
widely extended to rocks in outlying areas interpreted to
be correlative.
Almost every local name has been replaced. Rocks
presently called Smalls Falls in south-central Maine
(Osberg et al., 1985; Osberg, 1988) were originally
mapped as the Parkman Hill Formation (Pankiwskyj et al.,
1976; Ludman, 1975; 1976; Osberg, 1980), now abandoned.
Rocks in central New Hampshire that were named the Fran-
cestown Member of the Littleton Formation (Greene, 1970)
and revised to Francestown Formation (Nielson, 1974;
Lyons, 1979; Hatch et al,, 1983) are now called Smalls
Falls (Lyons, 1988; Duke et al., 1988). In southeastern
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New Hampshire the name Smalls Falls has recently been
used in the Gilmanton quadrangle (Eusden, 1988), but in
adjacent southwestern Maine, nomenclature of the Shap-
leigh Group has been retained for similar rocks, due to
uncertainties in correlating specific units (Eusden et
al., 1984; 1987; Hussey, 1985).
In the Monadnock quadrangle, Thompson (1985; 1988)
argued that the name Francestown Formation should be
retained to distinguish sulfidic calc-silicate rocks
correlative with the Smalls Falls from the sulfidic
schist and quartzite facies. This distinction was not
made in the Peterborough quadrangle (Duke, 1984; Duke et
al.
, 1988), where the name Smalls Falls was applied both
to sulfidic schists and to sulfidic calc-silicate granu-
lites alike.
In central Massachusetts, a sulfidic unit was mapped
by Field (1975) who referred to it informally as the
white schist unit of the Paxton Schist after its dis-
tinctive rock type. Field raised the possibility of
correlation with the Smalls Falls Formation on lithologic
grounds, but at that time the Smalls Falls had not been
identified in New Hampshire so the long-range correlation
to Maine was somewhat uncertain. In the Warren quad-
rangle, some quartzite-rich parts were mapped as lenses
(husq) in the Hamilton Reservoir Formation by Pomeroy
(1977), but he did not map the white schist separately
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from other rusty-weathering schists. Tucker (1977) ex-
tended Field's usage to the north and renamed the unit
the White Sulfidic Schist Member of the Paxton Schist.
Robinson (1979) called this unit the White Schist Member
of the Paxton Formation. More recently, it has been des-
ignated the sulfidic schist and quartzite unit of the
Paxton Formation (Spsq of Zen et al.
,
1983; and of Robin-
son and Goldsmith, in press).
The recognition of the Rangeley sequence in southern
New Hampshire combined with the similarity of units far-
ther east in Massachusetts to Silurian rocks near Water-
ville Maine (Robinson, 1981; Robinson and Goldsmith, in
press), support the proposed correlation of the Smalls
Falls in Massachusetts by Field. On the accumulated
weight of regional developments and results of prelim-
inary mapping, correlation of the white schist units in
the Brimfield-Sturbridge area with the Smalls Falls For-
mation was reaffirmed by Berry (1985).
In the case of the Smalls Falls, nomenclature and in-
terpretation are closely intertwined. The two criteria
critical to identifying the Smalls Falls outside its type
area are a very sulfidic, graphitic composition and the
proper stratigraphic position. In practice, the strati-
graphic sequence is not the same at all places, and the
underlying Perry Mountain Formation or the overlying Mad-
rid Formation is commonly "missing" (Hatch et al. , 1983;
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Duke, 1984; Hatch and Wall, 1986; Thompson, 1985; 1988;
Eusden et al.
, 1987; Eusden, 1988), At these places,
assignment of a unit to the Smalls Falls depends largely
on its extremely sulfidic composition.
As used here, the name Smalls Falls is only applied
to rocks of appropriate composition in which the proper
stratigraphic position is reasonably certain. This ap-
parently innocuous definition is significantly more re-
strictive than the previous criteria used for the Brim-
field-Sturbridge area (Berry, 1985; Robinson et al.
,
1986), in which all units of the appropriate rock-type
were tentatively assigned to the Smalls Falls. Under the
current nomenclature, some thin units as sulfidic as the
Smalls Falls have been assigned to the Rangeley Formation
(Srw and Srcs). Whether some of these units also may be
equivalent to the Smalls Falls is a question of correla-
tion, allowed by the present scheme but not required by
it.
Distribution
The only unit of sulfidic schist presently assigned
to the Smalls Falls is in the northeast part of the
Rattlesnake Mtn. belt, along the eastern side of Cham-
ber1in Mountain (Figure 2.1; Plate 1). It lies strat-
igraphically above a thick section of Rangeley and below
the Madrid Formation. It is interpreted from scanty
outcrop to be gradually cut out to the south by a fault,
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in the vicinity of the tonalite hody on Route 20. The
same belt of Smalls Falls continues north of the study
area in the Warren quadrangle (Field, 1975; Pomeroy,
1976; Zen et al.
,
1983).
Whether any or all of the sulfidic units "Srw" and
"Srcs" in the Rangeley might represent isolated infolds
or slices of the Smalls Falls Formation is an unresolved
dilemma. If anything, the Smalls Falls Formation in the
Brimfield-Sturbridge area may be more widely distributed
than interpreted on Plate 1 , and may include some of the
rocks mapped as "Srw" or "Srcs".
Lower Contact
The conformable contact between the Smalls Falls and
the Rangeley is exposed in the cut on the Massachusetts
Turnpike (Plate 1). There, the top 15 meters of Rangeley
is well bedded, with quartz-rich or calc-silicate granu-
lite beds 5 to 20 cm in thickness alternating with thin-
ner beds of schist. The rocks weather maroon to bright
brick-red, and within a few meters of the contact, are
more orange-red to rusty. The Smalls Falls at the basal
contact consists of white, sulfidic schist with about 5%
interlayered rusty calc-silicate granulite.
Natural exposure of the contact south of the Turnpike
is generally poor. The Rangeley outcrops closest to its
top, within 40 meters of the contact, are 500 meters due
west of the north end of Little Alum Pond (Plate 1).
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They include light gray quartz-feldspar-biotite granulite
with pink garnet; sillimanite-biotite-garnet schistose
granulite; and gray, sillimanite-rich schist with calc-
silicate pods. These rock types are interbedded. They
weather gray, reddish-brown, and locally dark-red.
Rock-type
The Smalls Falls Formation is characterized by highly
sulfidic, deeply rusty-weathering fissile schist. The
schist is rich in quartz, Mg-rich biotite, sillimanite,
cordierite, graphite, and iron sulfides. The presence of
pale, magnesium-rich biotite and rutile distinguish it
from typical Rangeley schists which contain black bio-
tite, ilmenite and garnet.
Its weathering characteristics also distinguish
schist of the Smalls Falls from other schists. On a
hypothetical fresh surface, practically unobtainable with
normal sampling methods, the Smalls Falls probably has
either a pale purplish-bronze sheen, due to the near-
phlogopite biotite composition, or a dull, medium bluish-
gray color where graphite is abundant. On broken sur-
faces of natural outcrops, the rock is white, containing
sillimanite, quartz, and white biotite, with black flakes
of graphite. It is not known whether the biotite in
these partly fresh rocks is white because it has an ex-
tremely magnesian composition, or whether weathering has
changed its already pale color to white. Foliation sur-
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faces are covered with a characteristic bright yellow-
orange rusty stain on which small, bright red spots or
patches are widely scattered. In some places, this dis-
tinctive yellow-orange color is reflected in the soil
even where there is no outcrop. The outer layer of a
typical Smalls Falls outcrop is a brittle, dark purplish-
brown to black weathering crust from several millimeters
to a few centimeters thick. This crust is littered with
rounded, cavernous pits believed to be where concentra-
tions of pyrrhotite have weathered out (Robinson et al.,
1982a). At some localities to the north of the Brim-
field-Sturbridge area, the pits contain fresh crystals of
pyrite around which pyrrhotite appears to have grown by
prograde metamorphic reactions (Tracy and Robinson,
1988).
Interbedded with the Smalls Falls schist are massive,
blocky-weathering beds of rusty-weathering white quartz-
ite, typically 1 to 10 cm thick in sharp contact with
adjacent schist. The proportion of quartzite in different
parts of the formation ranges from none to about half.
The parts richer in quartzite form topographic ridges.
The Smalls Falls quartzites are generally quite clean,
with minor amounts of sillimanite, feldspar, graphite,
and sulfide. Scattered white, rounded feldspar grains
embedded in the quartzite give it a distinctive texture
reminiscent of tapioca pudding.
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Protolith and Oppositional Environment.
The unusually large amount of sulfide in this unit
has attracted the attention of several workers in Massa-
chusetts (Field, 1975; Tracy, Robinson, and Field, 1975;
Robinson and Tracy, 1977; Tracy and Rye, 1981; Robinson
et al., 1982a; Tracy and Robinson, 1988). The accumula-
ted data indicate the Smalls Falls consisted of clean,
fine quartz sand mixed with fine-grained detrital clay
and organic matter, slowly deposited in a closed marine
environment (Robinson and Goldsmith, in press). Very
light sulfur isotope values similar to those of modern
muds of the Black Sea (Tracy and Rye, 1981) attest to the
activity of sulfur-reducing bacteria.
Madrid Formation
Name
The type Madrid Formation is in the town of Madrid,
in western Maine (Osberg et al.
,
1968). The name has
been extended southward through New Hampshire (Hatch et
al., 1983) to the Peterborough quadrangle (Duke, 1984)
and here is extended farther south to the Brimfield-
Sturbridge area (Plate 1).
The name "Warner Formation", previously used in cen-
tral New Hampshire (Lyons, 1979), has been largely re-
placed by "Madrid" (Hatch et al.
, 1983), although "War-
ner" was used in the Monadnock quadrangle (Thompson,
1985). "Madrid" is used here because the rocks in ques-
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tion are next to the Smalls Falls Formation, and because
the rest of the sequence in the Brimfield-Sturbridge area
is similar to the western Maine sequence which includes
the type Madrid Formation.
Distribution
The Madrid is restricted to the northeastern edge of
the Rattlesnake Mtn. belt (Figure 2.1; Plate 1). It
rests against the Smalls Falls Formation to the west, and
is faulted against the Leadmine Pond Gneiss to the east.
Contacts
The Madrid Formation is interpreted to succeed the
Smalls Falls Formation conformably. Their contact is not
exposed.
A thin unit at the base of the Madrid is mapped sep-
arately as "Smf" (Plate 1). It consists of dull red- to
brown-weathering, interlayered biotite-feldspar schist
and feldspathic granuite. This unit differs from the
overlying part of the Madrid by having less calc-silicate
granulite, more biotite, and thicker, less regular layer-
ing up to tens of centimeters thick. The schists are
medium-grained, even-textured, and generally have only
small amounts of sillimanite and garnet.
The upper contact of the Madrid Formation is cut out
by a fault and, therefore, is not preserved.
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Rock-type
The Madrid Formation typically consists of medium-
grained, dark-gray to medium-gray quartz-biotite-feld-
spar+garnet granulites interlayered with grayish-green to
light-green diopside-quartz-feldspar calc-silicate granu-
lites. Layering is thin and regular, commonly 1/2 to 3
cm thick. Some thin beds with higher biotite content are
schistose, but sillimanite-bearing pelitic schist is
rare.
Paxton Formation
Name
The broad usage of "Paxton Formation" follows the
Bedrock Geologic Map of Massachusetts (Zen et al., 1983;
Robinson and Goldsmith, in press). This is a modifica-
tion of the Paxton Quartz Schist of Emerson (1917), ex-
panded to include a wide variety of rock types which are
thought to be closely related (Tucker, 1977; Robinson,
1979; Robinson et al, 1982b; Robinson and Goldsmith, in
press). It is named for the town of Paxton, Massachu-
setts .
Distribution
The Paxton Formation is present only at the eastern
edge of the Brimfield-Sturbridge area, in the Hamant
Brook belt (Figure 2.1; Plate 1). This is at the western
edge of a broad belt of Paxton which covers much of cen-
tral Massachusetts (Zen et al., 1983).
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Lower Contact
The Pax-ton Formation rests against the Rangeley For-
mation to the west. This nature of this important con-
tact is speculative
. A conformable contact is assumed
(Figures 2.2 and 2.11, col. 10), although the contact is
not exposed in the study area. If the two units are con-
formable, the Paxton Formation must overlie the Rangeley
Formation at this place, because the base of the Rangeley
is interpreted to rest in turn on the Leadmine Pond
Gneiss to the west (Figure 2.11, col. 10; Plate 1). The
similarity of some Paxton rocks to some Rangeley rocks
may support the assumption.
On the other hand, evidence for shearing along this
contact is reported from the Westford quadrangle (Peper
and Pease, 1975), along their Kinney Pond fault. They
interpret this fault to extend to the south and then west
in Connecticut, where it truncates the southward exten-
sion of units in the Brimfield-Sturbridge area. The
fault may extend northward along the Rangeley-Paxton
contact in the Hamant Brook belt into central Massachu-
setts, but this remains to be demonstrated.
Description of Rock-types
Several rock-types are included in the Paxton, but the
predominant and characteristic rock-type ("Sp" on Plate
1) is gray-weathering, light-purple, biotite-quartz-
feldspar granulite interlayered with green, quartz-plag-
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ioclase-diopside+hornblende+garnet granulite. The subtle
light-purple or violet-gray hue of the biotite granulites
is distinctive, although not present in all samples.
Coarser-grained varieties are a less distinctive medium-
or dark-gray color.
Calc-silicate granulite commonly occurs in fine-
grained, even-textured, medium-green to light-green, thin
layers together with purple granulite. Calc-silicate
layers several millimeters to a few centimeters thick
typically constitute 20% to 40% of the rock. Because the
grain size and texture of the granulites are so similar,
the contacts between biotite granulite and calc-silicate
granulite are texturally inconspicuous. In other words,
the primary indication of layering on a fresh outcrop
surface is the green and purple stripes. Such purple and
green layered granulites are typical of the Paxton Forma-
tion.
Coarser varieties of calc-silicate granulite also
occur, with conspicuous diopside or hornblende spots,
commonly in pods as well as continuous layers. Layering
is more pronounced in the coarser grained granulites.
Units of rusty-weathering sillimanite-garnet-biotite
schist (Spss) and gray-weathering quartz-sillimanite-
biotite-garnet schist with interlayered massive granu-
lites (Spg) are assigned to the Paxton because they have
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-typical Paxton granulite on one side and the gray schist
units contain beds of granulite.
Stratigraphic Correlation within the Area
The challenge of mapping these rocks is in trying to
make sense of the scores of thin rock units. One inter-
pretation, consistent with the previous descriptions and
Plate 1, is proposed in Figure 2.16. It illustrates
stratigraphic relationships across the several belts for
the formations and many of the minor units. The base of
the Rangeley Formation is used as a horizontal datum, and
thicknesses of the columns are drawn approximately to
scale from Figure 2.11. Column 4 is virtually identical
to column 3 (Figure 2.11), and has been omitted for
clarity.
The most interesting feature of this reconstruction
is the similarity of units and sequences in the lower
part of the Rangeley Formation from the Little Alum Pond
belt (col. 2) to the Bald Hill belt (col. 9). The units
are discontinuous, but some threads of consistency are
present. Drawing from these similarities, the following
observations can be made.
A lenticular calc-silicate granulite unit (Src) rests
directly on the unconformity in several places (col. 5,
6, and 11). About 100 meters above the base, gray schist
(Srg) occurs in discontinuous lenses (cols. 2, 3, 7, and
8). The gray schist in columns 7 and 8 is poorly lay-
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ered, quartz-rich and even-grained, contrasting somewhat
with the gray schists in columns 2 and 3 which are well
bedded and locally contain big garnets. This suggests
that the gray schist may be separated into two lenses at
about the same stratigraphic level.
At about 150 to 200 meters above the base of the
Rangeley Formation, the pair of units "Srw" and "Src" is
commonly present. The sulfidic schist unit "Srw" is
apparently absent in the eastern belts, and may thin
eastward from the Little Alum Pond belt (col. 2) to the
Janes Hill belt (col. 6). The calc-silicate-bearing
units mapped as "Src", "Srs", and "Srd" are correlated
based on stratigraphic position and gross lithic simi-
larity, although each unit has individually distinguish-
ing characteristics. This calc-silicate-bearing unit
seems to be lacking only in the East Brimfield belt (col.
5). Because of the poor exposure in this belt, it is
possible that it was missed in field mapping.
The marble layers (Srm) in the Bald Hill belt (cols.
8 and 9) are apparently higher in the section, toward the
middle of the Rangeley Formation. Using present thick-
nesses, they are more than 500 meters from the base of
the formation.
How the rocks in Rattlesnake Mtn. belt (col. 1) and
Hamant Brook belt (col. 11) relate to the intervening
belts is less straightforward- In the interpretation
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illustrated in Figure 2.16, the Rattlesnake Mtn. belt is
shown in the upper to middle part of the Rangeley for
several reasons. If the Smalls Falls and Madrid For-
mations have been correctly identified, this belt must
include the top of the Rangeley. The remaining part of
the Rattlesnake Mtn. belt apparently does not include
units present to the east in the lowest part of the
Rangeley Formation, so the rocks of the Rattlesnake Mtn.
belt are thought to be above the lower Rangeley. Another
consideration is the marble in the Rattlesnake Mtn. belt,
which columns 8 and 9 suggest occurs above the lower part
of the formation.
The Paxton Formation in the Hamant Brook belt (col.
11) is tentatively interpreted to partly overlie and
partly interfinger with the Rangeley Formation (Figure
2.16). Some of the sulfidic schist units in the Paxton
(Spss) may be distal fingers of the Rangeley. Alterna-
tively, if the Rangeley Formation in the Hamant Brook
belt is separated from the Paxton Formation by a fault as
mentioned above, the dashed, jagged line in the eastern
part of Figure 2.16 may represent the position of a fault
which brings together different parts of the section.
The relationship between the Paxton Formation and rocks
to the west is a regional problem and cannot be resolved
with data from the Brimfield-Sturbridge area.
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Regional Correlation of the LaaAmlrH* Pond Gneiss
General Statement
Bordering the Merrimack belt in Massachusetts and
equivalent strata of the Kearsarge-Central Maine syn-
clinorium in New Hampshire and Maine, are several pre-
Silurian units dominated by plagioclase gneisses and
amphibolite. Despite years of mapping by many workers
supplemented recently by a few isotopic dates and some
geochemical studies, the origin of most of the gneisses,
their ages or age ranges, and possible tectonic affin-
ities remain enigmatic. In many cases, it is not known
whether the gneisses were originally intrusive or vol-
canic rocks, though in some cases the evidence points to
one and in some cases the other. At least some of these
rocks may form the basement upon which the Silurian sedi-
ments were deposited. Understanding the origin of these
gneisses, their relationships to adjacent Silurian cover
rocks, and possible relationships to each other is funda-
mental to reconstructing the Paleozoic tectonic history
of central New England.
Rocks of the Leadmine Pond Gneiss in the Brimfield-
Sturbridge area are broadly similar to many of the pre-
Silurian units in the surrounding region, and, allowing
great latitude for the local uncertainties in each case,
it is worth noting the similarities and exploring some
possible relationships
.
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Bronson Hill Anticli tiot-t nm
West of the Brimfield-Sturbridge area, along the
Bronson Hill anticlinorium, is the Ordovician Monson
Gneiss, dominated by plagioclase gneiss and amphibolite.
The Monson has been considered intrusive into the sur-
rounding rocks, or a volcanic sequence, but some workers
now believe it is an intrusive complex which has been
strongly deformed so that originally cross-cutting dikes
form parallel layers. In some places, especially toward
the middle of the Main Body of Monson Gneiss, there are
dike networks of cross-cutting amphibolite, plagioclase
gneiss, and granodiorite which may represent relatively
undeformed equivalents of the well layered gneisses more
common in the Monson. The interlayered plagioclase
gneiss and amphibolite rocks of the Leadmine Pond Gneiss
are strikingly similar to the well layered parts of the
Monson. In particular, plagioclase gneiss with magnetite
"eyes", a distinctive Monson rock type, is present in the
sequence of outcrops in the Bald Hill Belt south of the
Massachusetts-Connecticut line, as well as in the road-
cut on the north side of Route 89 in the southern part of
the Leadmine Belt.
The more massive, plutonic-looking parts of the Mon-
son Gneiss have no counterpart in the Leadmine Pond
Gneiss, but since the units are thin, deformation may
have streamlined all the gneisses in the Leadmine Pond so
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that any intrusive textures would not have been pre-
served.
Another difference between the two units is that the
Monson is practically devoid of metamorphosed sedimentary
rocks. The only rock which may have had a sedimentary
protolith is one zone of calc-silicate granulite and
quartzite about 1 meter thick. In contrast, almost every
belt of the Leadmine Pond Gneiss includes at least a
small amount of interlayered schist, quartzite, or calc-
silicate granulite, and the section in the Leadmine Belt
contains units of memamorphosed sediments tens of meters
thick, mappable for several kilometers. This suggests
that if the Monson correlates with the Leadmine Pond,
they must be related by a facies transition.
A more abstract consideration is that if the Monson
is indeed a deformed plutonic complex, it is difficult to
see how it could be present at approximately the same
stratigraphic level over the broad region from the Bron-
son Hill anticlinorium to the Brimfield-Sturbridge area,
although this appears to be the case.
Resting on the Monson Gneiss are the Ammonoosuc Vol-
canics and Partridge Formation (Robinson, 1963; 1967;
Thompson et al.
,
1968; J.C. Schumacher, 1985; 1988; Leo,
1985), both Middle to Late Ordovician (R.D. Tucker, 1989,
unpub. data). The Ammonoosuc contains a lower, predomin-
antly mafic volcanic member, a thin, middle member of
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garnetiferous quartzite and associated minor rock types,
and an upper, predominantly felsic volcanic member. The
overlying Partridge Formation, characterized by rusty-
weathering, sulfidic, graphitic mica schist, contains
lenses and mappable units of mafic and felsic volcanics,
especially common in its lower part (Robinson, m.s.,
1963; 1967; Michener, 1983; Hollocher, 1985). In some
places, calc-silicate rocks are present, especially in
the amphibolite units. The base of the Partridge has
been mapped in Massachusetts as the first bed of schist
above the Ammonoosuc. The volcanics in the Partridge are
chemically similar to those in the upper Ammonoosuc, dem-
onstrating that the two units are genetically, as well as
stratigraphically
,
closely related (Hollocher, 1985)
.
It is possible that some parts of the Leadmine Pond
Gneiss may correlate with the Ammonoosuc-Partridge se-
quence. These comparisons are made with some caution,
because they are based on the sequence of units as por-
trayed on the map (Plate 1), which is uncertain in many
places. As it happens, the three areas where the Lead-
mine Pond Gneiss most resembles the Ammonoosuc-Partridge
sequence have good outcrop control. At the first local-
ity, in the south end of the May Brook Belt, the sequence
from west to east of amphibolite (OZla), garnetiferous
quartzite (OZlq), and felsic gneiss (0Z1) mimics the Am-
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monoosuc stratigraphy of lower, middle, and upper mem-
bers .
At the second locality, near Cemetery Road in the
southeastern part of the Leadmine Belt, the sequence from
east to west is hornblende-biotite gneiss and amphibolite
(OZlm), garnetiferous quartzite (OZlq), felsic gneiss
with amphibolite (0Z11), calc-silicate granulite (OZlc),
and rusty-weathering pelitic schist (OZls). These might
correspond in turn to lower, middle, and upper Ammonoo-
suc, and Partridge schist with a basal calc-silicate
unit. The rusty schist (OZls) contains beds of rusty-
weathering, white quartzite as well as beds of plagio-
clase-quartz-biotite granulite , not particularly common
in the Partridge farther west. It is interesting to note
that along strike to the north, the felsic gneiss unit
(0Z11) includes 5 meters of a yellow-brown weathering
felsic gneiss at its contact with the rusty schist (OZls)
to the west. Such yellow-brown weathering is common in
the upper Ammonoosuc of the Quabbin Reservoir area (Rob-
inson, 1967).
A third locality which resembles the Monson-Ammonoo-
suc-Partridge sequence is at the southern end of the
Leadmine Belt, along Route 89 west of Morey Pond. The
sequence there from east to west is layered plagioclase
gneiss with conspicuous magnetite (OZlf), amphibolite
(OZla), felsic gneiss (OZlf), and sulfidic schist (OZls).
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The correlation of -these rocks to the Monson, lower Ammo-
noosuc, upper Ammonoosuc
, and Partridge Formation was
suggested by Peter Robinson (pers. commun.
,
1983) after a
1976 field trip led by J.D. Peper and M.H. Pease, Jr.
The similarities to strata of the Bronsoh Hill anti-
clinorium are intriguing, but enough questions remain
that correlation is premature. The mineralogy and geo-
chemistry of the Monson are different from the Ammonoosuc
and Partridge- In particular, distinctive gedrite, an-
thophyllite, and cummingtonite gneisses of the Ammonoosuc
are not present in the Monson (Hollocher and Lent, 1987).
Whether some of the gneisses in the Brimfield-Sturbridge
area may be higher-grade equivalents of these rocks has
not been adequately studied. Preliminary geochemical
work on rocks from the Leadmine Pond Gneiss has been done
by Hollocher (1985; 1988). Petrologic and geochemical
characterization of the Leadmine Pond Gneiss is being
pursued.
If the similarities with the Bronson Hill strata
prove to warrant correlation, then a complex structural
geometry for the Leadmine Pond Belt would be indicated.
The small-scale repetition of mafic and felsic gneisses
and schists would require slicing the Leadmine Belt into
ribbons. As presently interpreted, the symmetrical repe-
tition of units expected from isoclinal folding is not
present, so large faults at low angles to the contacts
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would be implied. Four or five such faults could easily
be accomodated by the map pattern (Plate 1).
Nashoba Zone
Bocks of the Nashoba zone are exposed east of the
Clinton-Newbury fault zone in the Nashoba Block (Figure
1.3) (Castle et al.
,
1976; Zen et al.
,
1983). Rocks of
the Nashoba Block were divided by Bell and Alvord (1976)
into the Fish Brook Gneiss, Shawsheen Gneiss, Nashoba
Formation, Marlboro Formation, and Tadmuck Brook Schist.
All of the units except the Tadmuck Brook include mafic
or felsic gneisses. Their relative ages, contact rela-
tionships, and possible correlations with each other are
poorly constrained (Hepburn and Munn, 1984; DiNitto et
al., 1984).
The Fish Brook Gneiss (Bell and Alvord, 1976) is dom-
inated by light gray, plagioclase gneiss with biotite-
rich laminae and amphibolite pods (Stop 10 of Hill et
al.
, 1984), lithically like parts of the Monson Gneiss
(Peter Robinson, pers. comm., 1984). This rock type is
present in the Leadmine Pond, but is commonly associated
with schist, quartzite, or calc-silicate granulite. The
other rock types are absent from the Fish Brook Gneiss
except for a 10-meter-thick diopside calc-silicate gneiss
near the "top" of the formation (Bell and Alvord, 1976).
So at most only parts of the Leadmine Pond Gneiss might
correlate with the Fish Brook.
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Felsic rocks of the Shawsheen Gneiss generally con-
tain muscovite and are locally sillimanite-rich (Bell and
Alvord, 1976). Hocks in the Leadmine Pond obviously sim-
ilar to these aluminous gneisses are not present, but the
thin unit mapped as OZls in the southern portion of the
Janes Hill Belt (Plate 1) contains some sillimanite-bear-
ing gneiss.
The Marlboro Formation (Emerson and Perry, 1907; Bell
and Alvord, 1976; DiNitto et al.
,
1984) is dominated by
amphibolite and mafic gneiss with subordinate interlay
-
ered schist, quartzite, felsic gneiss, and minor calc-
silicate beds and units. Although amphibolite is common
to both the Leadmine Pond Gneiss and the Marlboro, again
the associated interlayered rock types are different, so
one-for-one correlation does not seem likely. The only
part of the Leadmine Pond Gneiss which is substantially
similar to the Marlboro is unit OZlm in the Leadmine
belt, with schistose biotite-hornblende gneisses, massive
and layered amphibolites, and felsic gneisses. Just
south of the Massachusetts line, on Holland Road in
Onion, unit OZlm is flanked to the east by rusty-weath-
ering schist and to the west by interlayered amphibo-
lites, minor calc-silicates , and epidote-bearing gneiss.
The Marlboro contains similar rocks, but not in these
abundances or sequence, so straightforward correlation
seems improbable
.
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The Nashoba Formation occupies the western two-thirds
of the Nashoba Block (see Zen et al.
,
1983). It consists
primarily of quartz-plagioclase-biotite gneiss with sub-
ordinate interlayered schist, amphibolite, calc-silicate
granulite, marble, and minor quartzite. A definite
stratigraphic sequence has not been established for the
entire formation, and may not exist. Workers in dif-
ferent areas have had different degrees of success in
subdividing the Nashoba Formation. Bell and Alvord
(1976) provided the most detailed descriptions of rocks
from the Nashoba Formation, but a sense of stratigraphy
is difficult to deduce. Mylonitic fabrics are common in
the formation (Castle et al.
,
1976; Goldstein, 1980;
Hepburn and Hill, 1984; Abu-Mustafa, 1976), suggesting
the sequence of rocks on the map may be largely fault-
controlled.
The Nashoba Formation compares well to the Leadmine
Pond Gneiss in several respects. The range of rock-types
is similar, including magnetite-bearing gneisses and
belts of marble. The style and thickness of interlayered
units are also similar. There are differences in the de-
tailed sequence of rock-types, but both areas are strong-
ly deformed, so the present arrangement of units on the
map might not reflect coherent stratigraphy in either
case. It is suggested that the Leadmine Pond Gneiss and
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Nashoba Formation correlate in a general way, although
unit-for-unit correspondence has not been established.
Massabesic Gneiss
The Massabesic Gneiss Complex in southeastern New
Hampshire (Figure 1.3) contains gray plagioclase-quartz-
biotite gneiss, pink microcline gneiss, hornblende-bio-
tite gneiss and amphibolite , and minor amounts of quartz-
ite and calc-silicate gneiss (Aleinikoff, 1979; Bothner
et al., 1984). Interlayered schist, marble, and quartz-
ite are not present in mappable amounts. The only appar-
ent similarity to the Leadmine Pond Gneiss is the pres-
ence of plagioclase gneiss. The gneisses in the Massabe-
sic are generally coarser-grained and less evenly layered
than the gneisses in the Leadmine Pond.
Gushing Formation
The Casco Bay Group (Katz, 1917; Hussey, 1971) is
exposed in a fault-bounded inlier in coastal Maine. The
older part of the Group contains a variety of rocks as-
signed to the Cushing Formation (Hussey, 1971). The
Cushing is like the Nashoba Formation in that it contains
alternating units of gneiss and metamorphosed sedimentary
rocks from tens to several hundred meters thick. The
gneisses are predominantly felsic, quartz-plagioclase
gneisses, and the intercalated rocks include sulfidic
schist, quartzite, calc-silicate granulite, and marble.
Compared with the Nashoba, the sequence of lithologic
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units in the Gushing is better known, although confor-
mable contacts and overall stratigraphic younging sense
are somewhat uncertain there, too.
The many informal members of the Cushing Formation
recently proposed by Mewberg (1984; 1985) and Hussey
(1985) have been successfully divided into the Falmouth-
Brunswick sequence and the Saco-Harpswell sequence,
northwest and southeast of the Flying Point fault,
respectively (Hussey et al.
,
1986; Hussey, 1988). The
two sequences apparently do not correlate, and are either
stratigraphically unrelated or else the Falmouth-Bruns-
wick sequence is the older (Hussey, 1988). The rocks
more likely to correlate with the Leadmine Pond Gneiss
are in the Falmouth-Brunswick sequence. For the sake of
comparison, a brief description of the rocks in this se-
quence is given below, based on Hussey (1985; 1988) and
Osberg (1988).
The Falmouth-Brunswick sequence of the Cushing Forma-
tion includes, from west to east, the Richmond Corner,
the Torrey Hill, the Mt. Ararat, and the Nehumkeag Pond
members. The Richmond Corner member is predominantly
medium gray, salt-and-pepper-textured, quartz-feldspar-
biotite-garnet schist. Minor rock-types include amphib-
olite with greenish calc-silicate laminae; rusty-weath-
ering biotite-quartz-feldspar schist; and pink, garnet
quartzite. The schists locally contain sillimanite.
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The thin Torrey Hill member consists of very sul-
fidic, sillimanite-rich, graphitic schist with rare in-
terbeds of sulfidic quartzite. The Mount Ararat member,
the most extensive unit of the Falmouth-Brunswick se-
quence, is characterized by light-gray plagioclase gneiss
interlayered with amphibolite or hornblende-biotite
gneiss on a scale of 2 to 10 cm. Layers of mafic gneiss
up to 200 meters thick are present locally. A 100-meter-
thick, very rusty-weathering biotite-muscovite-graphite
schist lens has been mapped within the member (Hussey,
1985).
The Nehumkeag Pond member is dominated by light-gray
quartz-feldspar-biotite gneiss. It includes thinly lay-
ered, medium-layered, and massive, poorly layered types.
In contrast to the Mount Ararat member, interlayered
amphibolite is relatively scarce. Interlayered pegmatite
is common. Minor rock-types in the Nehumkeag Pond are
calc-silicate granulite and marble; rusty-weathering,
black, sillimanite schist; white quartzite; and inter-
layered hornblende-biotite gneiss and plagioclase gneiss.
A tan-weathering, quartzo-feldspathic gneissic schist
contains staurolite, garnet, and relict, pre-Acadian
kyanite (Osberg, 1988).
Comparison of the Falmouth-Brunswick sequence of the
Cushing Formation with the Leadmine Belt of the Leadmine
Pond Gneiss shows so many similarities that their cor-
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relation seems likely. They have in common almost every
major and minor rock-type in similar abundances and
thicknesses. Even the sequence of units matches well in
large part. Specifically, rocks typical of the Richmond
Corner member are present in the Leadmine sequence "OZlr"
-"OZlm" -"OZlq"; rocks typical of the Torrey Hill member
are present in the "OZls" unit; rocks typical of the
Mount Ararat member are present in the "0Z11" units; and
the Nehumkeag Pond has counterparts in the "OZlf " unit,
including the minor calc-silicate (OZlc) and sulfidic
schist (OZls) units. Such detailed lithologic corres-
pondence kindles hope that further petrographic
,
petro-
logic, geochemical, and isotopic work may strengthen ties
between the two areas
.
Regional Correlation of Rangeley, Smalls Falls,
and Madrid Formations
Rangeley Formation
The regional correlation by Hatch, Moench, and Lyons
(1983) of Silurian and Lower Devonian rocks in the Merri-
mack synclinorium of New Hampshire to the sequence at
Rangeley, Maine has dramatically affected stratigraphic
thought in the region. Since that time, virtually every
local stratigraphic succession in the area has been in-
terpreted or reinterpreted as correlative with the Range-
ley sequence (Thompson, 1985; 1988; Berry, 1985; Chamber-
lain, 1986; Elbert, 1988; Robinson et al. , 1988; Duke,
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1984; Eusden, 1984; 1988; Lyons, 1988; Gilman, 1986; and
others). The Rangeley has been sweeping southward across
New England "like killer bees" (D.C. Roy, pers. commun.
,
1988). A general correlation to the Rangeley sequence
and a Silurian age for most units, allowing for regional
diversity within the sequence, is widely agreed. It is
in the broad sense of "rusty schist with calc-silicate
pods" that the rocks in the Brimfield-Sturbridge area are
called Rangeley.
Besides the rocks throughout western Maine and New
Hampshire which have been called Rangeley, the Brimfield
member is tentatively correlated with the sulfidic schist
unit of the Paxton Formation (Spss) in the Ashburnham-
Ashby area (Peterson, 1984), and at least partly with the
Sangerville Formation of central Maine (Ludman, 1976; Os-
berg, 1980; 1988).
Srw. The stratigraphic marker unit which has been
critical to identifying the upper formations in the se-
quence is the Smalls Falls Formation (Hatch et al., 1983;
Lyons, 1988; Robinson et al. , 1982b; Berry, 1985). Its
extremely sulfidic composition, abundance of graphite
,
presence of rutile, and magnesian silicates make it a
convenient unit for mapping, because it is easily distin-
guished from garden-variety pelitic schists which domin-
ate other units in the Rangeley sequence.
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Despite such assurances as "All workers agree" that
the white schist unit is a "perfect lithic correlative of
the Small Falls Formation" (Robinson and Goldsmith, in
press), and that correlation with the Smalls Falls For-
mation is "nearly certain" (Berry, 1985), it is proposed
here (Figure 2.16) that only some of the sulfidic white
schist units in the Brimfield-Sturbridge area are equiv-
alent to the Smalls Falls (Ssf, Plate 1), and that others
belong in the lower part of the Rangeley Formation (Srw),
well below the Smalls Falls. This difference in strati-
graphic interpretation does not affect the postulated
Silurian ages of the units, nor in most cases the local
sequence of units or younging sense, but it greatly af-
fects the understanding of stratigraphy, facies rela-
tionships, regional correlation, and ultimately tectonic
basin interpretation of the Rangeley Formation.
The "Srw" units in the Brimfield member of the Range-
ley may correlate with the ubiquitous, thin units of pyr-
rhotitic, carbonaceous pelite within the Sangerville For-
mation, central Maine (Ludman, 1976; Pankiwskyj et al. ,
1976) and with very sulfidic schist at the top of the
Quimby Formation in western Maine (Moench, 1969).
Some other units, which have been recently assigned
to the Smalls Falls Formation, may correlate better with
"Srw" in the lower part of the Rangeley. These include
the "Francestown" schists in the Thorndike Pond area of
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the Monadnock quadrangle (Thompson, 1985), the "Smalls
Falls Formation" schists on Pack Monadnock in the Peter-
borough quadrangle (Duke, 1984; Duke et al.
,
1988), and
the "Smalls Falls Formation" at Emerald Pool in the Mount
Washington area (Hatch and Wall, 1986). In each of these
cases, the authors note marked differences from nearby
Francestown or Smalls Falls rocks or sequences. In fact,
Thompson (1985, p. 52-53) recognized the possibility that
the rusty white schists southeast of Thorndike Pond might
be horizons within the Rangeley. The lenses of very sul-
fidic schist within the Rindgemere Formation of south-
western Maine (Hussey, 1985) may also correspond to the
sulfidic white schist in the lower part of the Brimfield
member of the Rangeley.
Src. Layered calc-silicate granulite that might
correlate in a general way to the units mapped in the
Brimfield member of the Rangeley is present in the Green-
vale Cove Formation (Moench, 1969), and in many unmapped
lenses in the Sangerville Formation. As Moench (1969)
points out, these rocks are lithically indistinguishable
from parts of the Madrid Formation.
Srg. The schists of Gilbert Road and Kruse Road
(Figure 2.1) were formerly correlated with the Littleton
Formation (Field, 1975; Tucker, 1977), but are now
assigned to the Rangeley. Unfortunately, the internal
stratigraphy of the Rangeley is poorly known, and prob-
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ably inc1udes many discontinuous units . The prob1cm is
highlighted in the adjacent Monadnock and Peterborough
quadrangles (Figure 1.1). In the Monadnock quadrangle,
the Rangeley is divided into a lower gray, a middle
rusty, and an upper gray part (Thompson, 1985), and in
the Peterborough quadrangle, the Rangeley is divided into
a lower gray and an upper rusty part (Duke, 1984). It is
not clear how many gray members there are, or how contin-
uous they may be.
There are several units of gray schist in central
Massachusetts, shown as Littleton Formation by Zen et al.
(1983). It has been proposed in a general way that most
of these units probably correlate instead with parts of
the Rangeley Formation (Duke, 1984; Thompson, 1985; Rob-
inson et al.
,
1986). It is tentatively proposed here
that the schists of Gilbert Road and Kruse Road are two
different gray schist units in the Rangeley, The schist
of Kruse Road, flanked by thin layers of sulfidic schist,
may correlate with the "Littleton Formation" of the Ash-
burnham-Ashby area (Figure 1.1), which locally has sul-
fidic white schist along the contact (Peterson, 1984).
Precise reassignment of other gray schists in central
Massachusetts is speculative
.
It should be noted that in the central Maine section,
a well bedded gray schist, the Waterville Formation, un-
derlies the Sangerville Formation. In addition, a thin
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unit of very sulfidic, graphitic schist is present along
the contact (Osberg, 1980; 1988). This sequence of Wa-
terville-sulfidic pelite-Sangerville could easily be
mistaken for an inverted sequence of Rangeley-Smalls
Falls- (Madrid) -Littleton, with the Madrid interpreted as
locally absent.
Smalls Falls and Madrid Formations
The Smalls Falls and Madrid Formations are correlated
with their type areas in western Maine, and with properly
correlated rocks in Maine and New Hampshire, including
the Francestown and Warner Formations, respectively, of
the Monadnock quadrangle (Thompson, 1985). To the east,
in central Massachusetts, the rusty quartzite member of
the Paxton Formation (Spqr of Zen et al., 1983) may cor-
relate with the Smalls Falls Formation and the granulite
member of the Paxton Formation at Turkey Hill Brook in
Paxton (Sp) may correlate with the Madrid (Robinson,
1981; Robinson et al.
,
1982b, optional stop 12A; Robinson
and Goldsmith, in press).
Regional Correlation of the Paxton Formation
The question to ask about the Paxton Formation is not
"To what does it correlate?", but "To what do they cor-
relate?" The internal stratigraphy of the Paxton is
poorly known, largely because of the broad, flat dips and
a scarcity of outcrop. Correlations to different units
have been proposed for different parts of the Paxton For-
167
mation
, and connections between these places are uncer-
tain.
There are two reasons for the state of confusion in
the regional correlation of the Paxton. One is the
lithic similarity of the Hutchins Corner and Madrid For-
mations in central Maine, and the other is the uncertain
relationship between the western Maine (Rangeley) and
central Maine ( Sangerville ) sequences
.
The Hutchins Corner and Madrid Formations in central
Maine look so similar that they were once thought to be
the same unit (Osberg et al.
,
1968; Ludman, 1976; Pan-
kiwskyj, 1976). They have now been shown to be at the
bottom and at the top of the Silurian section, respec-
tively (Osberg, 1980; 1988). If part of the Paxton cor-
relates with the Hutchins Corner Formation and part of
the Paxton correlates with the Madrid Formation, then two
similar parts of the Paxton would be of different ages.
In fact, there is some reason to think this is the
case. The Paxton Formation in the town of Paxton has
been correlated with the upper Silurian Madrid Formation,
based on the local sequence there (Robinson, 1981). Typ-
ical Paxton granulites can be traced almost continuously
and have been correlated through southeastern New Hamp-
shire (Berwick Formation) and southern Maine (Vassalboro
Formation) to the Hutchins Corner Formation (Field,
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1975). Therefore, it may be that lithically similar
parts of the Paxton Formation may not be equivalent.
A second source of confusion, the uncertain rela-
tionship between the western and central Maine sequences,
was highlighted in the Peterborough quadrangle by the
interpretation of the Paxton as a member of the Rangeley
Formation (Duke, 1984). The trouble with this assignment
is that the Rangeley Formation was thought to be equiva-
lent to the Sangerville Formation in central Maine, which
lies between the Hutchins Corner and the Madrid. If this
is the case, then the Paxton Formation should either
overlie (if Madrid) or underlie (if Hutchins Corner) the
Rangeley, and not be included in it.
Reconsideration of the relationships in Maine has led
to a modified correlation scheme (Osberg, 1988) which may
provide a way out of the Paxton dilemma. In the new
scheme (Figure 3b of Osberg, 1988), the Hutchins Corner
Formation is a distal facies of the same age as the prox-
imal Rangeley Formation. With time, the Rangeley Forma-
tion transgresses eastward, so the Sangerville is equiva-
lent to the Rangeley in rock-type, but not in age. This
means that the the Rangeley Formation and Hutchins Corner
Formations interfinger. This allows the Paxton Formation
to be equivalent to the Hutchins Corner Formation and
also to interfinger with the Rangeley as proposed in Pe-
terborough.
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This discussion has direct bearing on the interpreta-
tion of the Brimfield-Sturbridge area. Figure 2.16 sug-
gests the Paxton Formation of the Hamant Brook belt (col.
11) interfingers with the Rangeley Formation to the west.
This relationship cannot be demonstrated within the Brim-
field-Sturbridge area, but it fits well with the proposed
scheme for central Maine, and with the Peterborough quad-
rangle. An interfingering of the Rangeley with the Pax-
ton is also suggested by the layers of sulfidic schist in
it.
Although correlation of the Paxton Formation is quite
uncertain, it is possible that the Paxton as a whole may
span much of the Silurian. Previously proposed correla-
tions to the Hutchins Corner Formation, to the Madrid
Formation, and to the Rangeley Formation may all be cor-
rect for different parts of the Paxton.
Age of the Leadmine Pond Gneiss
There is no available information that directly gives
the age of the Leadmine Pond Gneiss. Two indirect argu-
ments suggest either a late Proterozoic or an Ordovician
age. The Brimfield member of the Rangeley Formation,
inferred to be early Silurian and perhaps partly late
Ordovician, is interpreted to overlie the Leadmine Pond
Gneiss unconformably
,
implying it is Ordovician or older.
The second line of evidence is its tentative regional
correlation with other pre-Silurian rocks. This argument
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is complicated not only by the uncertainties of correla-
tion, but also by the generally poor age constraints on
many of the possibly correlative rocks
.
Along the Bronson Hill anticlinorium, ages for the
Monson and gneisses of the Oliverian series fall in the
general range of 435 to 455 Ma (Zartman, 1988). Several
of the specific determinations include Rb-Sr whole rock
ages of 440+20 Ma (Lebanon dome, N.H. = Naylor, 1969) and
441+5 Ma (Jefferson dome, N.H. : Foland and Loiselle,
1981); and D-Th-Pb zircon ages of 438+3 and 440+4 Ma
(Main Body of Monson Gneiss, Mass.: Zartman and Naylor,
1984), 465+10 Ma (Glastonbury Gneiss, Conn.: Leo et al.
,
1984) , 444+8 Ma (seven localities combined, N.H. and
Mass.: Zartman and Leo, 1985), 454+4/-2 Ma, 452+3/-2 Ma,
and 447+3/-2 Ma (northern Mass.: Tucker et al.
,
1989).
The Ammonoosuc Volcanics (Billings, 1937) are dated
by long-distance correlation with Caradocian (Middle
Ordovician) graptolites from the Dixville Formation in
northwestern Maine (Harwood and Berry, 1967). Isotopic
ages for the Ammonoosuc obtained in the 1960 's by the
Rb-Sr whole-rock method (Brookins, 1965; Brookins and
Hurley, 1965; Naylor, 1969) are consistent with recent
207 Pb/206pb zircon ages of 464+4 Ma from a dike cutting
the Ammonoosuc (northern N.H.: Aleinikoff and Moench,
1985) , 453+2 Ma for the upper Ammonoosuc and 449+3/-2 Ma
for the overlying Partridge Formation (Bernardston area,
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Mass . : R.D. Tucker
,
unpub
. data ) . Together , these
accumulating data suggest the Monson, Ammonoosuc, and
Partridge on the Bronson Hill anticlinorium are all
Middle to Late Ordovician, and moreover, that the Monson
enigmatically overlaps in age with the Ammonoosuc and
Partridge.
In the Nashoba Block, a O-Pb zircon age of 730+26 Ma
was obtained by Olszewski (1980) for the Fish Brook
Gneiss. A 144/143Nd model age suggests the Marlboro
Formation is 450-550 Ma or older (DiNitto et al., 1984).
No other stratified rocks have been dated, but they are
known to be Early Silurian or older from a 430+5 Ma U-Pb
zircon age for the Sharpners Pond pluton ( Zartman and
Naylor, 1984). Regional metamorphism of the Nashoba
Block has been considered to be Ordovician based on
isotopic dating of the syn-metamorphic Andover Granite
(Zartman and Naylor, 1984; Hill et al, , 1984), but the
significance of these imprecise ages is uncertain due to
complicated isotope systematics of the heterogeneous,
polyphase body (M.D. Hill, pers. comm. , 1986).
The Massabesic Gneiss Complex includes late Pre-
cambrian rocks and Ordovician and younger intrusives.
Ages from the Precambrian gneisses include "600 to 620"
Ma (O-Pb, zircon: Besancon et al. , 1977), 671+20 and
641+26 (Eb-Sr whole-rock: Kelly et al. , 1980), and 646 Ma
or older ("strongly discordant" D-Th-Pb zircon: Aleini-
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koff et al., 1979). A discordant zircon age of 475+48 Ma
from a body intrusive into the Massabesic probably rep-
resents Ordovician plutonism (Aleinikoff et al., 1979),
but the large error spans late Cambrian through early
Silurian.
There are almost no reliable data on the age of the
Gushing Formation. A Rb-Sr whole rock age from feld-
spathic gneisses of the Gushing Formation yielded 481+40
Ma (Brookins and Hussey, 1978). This is a mixed age,
based on samples from both the Mount Ararat and Peaks
Island members of the Cushing, which have since been
assigned to different, non-correlative sequences (Hussey,
1988), and so its geologic significance is questionable.
A Rb-Sr whole-rock age of 494+25 Ma obtained from the
Mount Ararat member (Gaudette et al., 1983) might be
either a crystallization age or a metamorphic age (Hus-
sey, 1985). An anomalous 1360+68 number was reported for
the Passagassawaukeag Gneiss (Rb-Sr whole-rock: Gaudette
et al.
,
1983) from metamorphosed, migmatitic sediments
tentatively correlated with a unit overlying the Cushing
(Berry and Osberg, in press). This uncorroborated number
is possibly inconsistent with apparently younger ages
from the underlying Cushing, and might not indicate the
age of anything
.
No Rb-Sr mineral ages, Pb-Pb ages, or Nd-Sm ages have
been determined for the Cushing- A pre-Silurian age is
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implied by the presence in the Nehumkeag Pond member of
relict kyanite produced during a metamorphic event prior
to deposition of the overlying Early Silurian or older
Hutchins Corner Formation (Osberg, 1988). On the basis
of available data, the Cushing Formation is regarded to
be Ordovician or older, possibly Precambrian (Hussey,
1985).
In summary, if the Leadmine Pond Gniess correlates
with the sequence on the Bronson Hill anticlinorium, it
is probably Ordovician. If it correlates with the Mas-
sabesic Gneiss, it might be late Precambrian. The more
likely correlatives, the Nashoba Formation and the Cush-
ing Formation, are both virtually undated, but they are
at least as old as Ordovician.
Age of the Rangeley. Smalls Falls. Madrid,
and Paxton Formations
The depositional age of these units is inferred to be
Silurian from the proposed correlation with rocks to the
northeast. There are no direct indications of age from
the Brimfield-Sturbridge area.
No fossils have been reported from the Rangeley For-
mation anywhere in the region. In western Maine, it has
been interpreted to lie above Caradocian graptolites
(Harwood and Berry, 1967; Meonch et al. , 1988), and be
equivalent to fossiliferous Lower Silurian rocks to the
northwest at Blanchard Pond (Moench and Boudette, 1970).
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Both of these fossil localities are separated struc-
turally from the major body of Rangeley Formation, and
the recent recognition of significant tectonic transport
suggests these correlations be used with caution. The
fossiliferous rocks at Blanchard Pond are conglomeratic
quartzites overlain by calc-silicate rocks and marble,
shallow-water facies more typical of the Connecticut
Valley belt (Clough and Fitch) than of the Merrimack belt
(Figure 1.4). Recently, J.B. Thompson (1988) has sugges-
ted that the fossiliferous Blanchard Pond rocks may cor-
relate with quartzites which lie above the Rangeley For-
mation (Perry Mountain Formation) rather than with the
Rangeley itself. This allows that the Rangeley Formation
may extend down into the upper Ordovician.
The Smalls Falls contains Ludlovian (early Late Silu-
rian) graptolites in central Maine (Pankiwskyj et al.
,
1976). The Madrid is unfossiliferous , but because it
overlies the Smalls Falls and is below fossiliferous
Lower Devonian strata (Seboomook Formation), it is prob-
ably Pridolian (late Late Silurian) or perhaps earliest
Devonian
.
The Paxton Formation, as previously discussed, may
include rocks which span the Silurian. As is the case
for the Rangeley, the lower part of the Paxton Formation
may extend down into the upper Ordovician. In addition
to correlation with better-dated strata, ages of plutonic
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intrusion may also partly constrain the age of the Paxton
Formation. Three plutons, the Exeter diorite, Newbury-
port Complex, and Ayer Granite, have been reported to be
pre-Acadian intrusions which cross-cut the. Paxton Forma-
tion, or Merrimack Group rocks to the northeast in New
Hampshire (Figure 1.3).
A Rb-Sr whole-rock age of 473±37 Ma has been reported
for the Exeter pluton that intrudes the Merrimack Group
in southeastern New Hampshire (Gaudette et al.
,
1984).
Given that the base of the Silurian is about 438 Ma
(Geol. Soc. Amer. time scale) this has been interpreted
to show that the Merrimack Group must be older than Sil-
urian, perhaps even Precambrian (Bothner et al., 1984;
Eusden et al.
,
1987). Furthermore, it is commonly con-
cluded that this precludes correlation of the Merrimack
Group with the Paxton Formation or the Hutchins Corner
Formation
.
While this is a straightforward interpetation, the
remarkable lithic similarity of these three formations
suggests the correlation should not be abandoned too
quickly. Three points of uncertainty remain to be in-
vestigated. 1) The age of the strata is not known. If
the lower part of the section is Ordovician rather than
Silurian, then Ordovician intrusion could be accommoda-
ted. 2) The stated uncertainty in the age determination
experiment allows that the Exeter may have crystallized
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at any time between 510 Ma (late Cambrian) and 436 Ma
(early Silurian). Therefore, a Silurian age of intrusion
cannot be ruled out by the data, and the host rocks could
be Silurian. 3) The large error (+37 Ma) associated with
the age suggests the isotopic systems on which the method
is based have been disturbed. Recent work in the meta-
morphic country rocks has shown that late Paleozoic met-
amorphism is widespread in this part of southeastern New
Hampshire (Barreiro and Eusden, 1989). This metamorphism
may have affected the isotopic systems, resulting in the
large age uncertainy. Clearly, if a post-intrusion ther-
mal event was involved, it was not pervasive enough to
totally reset the system, and the proposed age of the Ex-
eter could be misleading.
The Newburyport Complex intrudes the Merrimack Group
in northeastern Massachusetts (Zen et al.
,
1983). It is
bounded to the southeast by the Newbury fault of the
Clinton-Newbury fault zone. The Newburyport Complex can
be divided roughly into an inner and an outer part, based
on textures. Zartman and Naylor (1984) dated zircons
from each part. The ages were discordant and differed
from each other by about 30 Ma. Interpretation of these
results is uncertain, because the two parts appear to be
compositionally and geographically related and not sig-
nificantly different in age (Zartman and Naylor, 1984).
A composite age of 450 + 15 Ma was offered as perhaps
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representative of the entire complex, but the signifi-
cance of this, number is not clear.
The Ayer Granite, east of the Brimfield-Sturbridge
area, occupies a position similar to the Newburyport
complex, in the eastern part of the Merrimack belt. It
intrudes the Oakdale Formation near Ayer, Massachusetts.
Similar intrusives to the south, correlated with the
Ayer, intrude the Paxton Formation near the Connecticut
line, probably correlative with the Oakdale (Zen et al.
,
1983). A nearly concordant, apparently undisturbed zir-
con age of 433 + 5 Ma was reported by Zarman and Naylor
(1984) that constrains the Oakdale Formation to be Early
Silurian or older. This is consistent with the age of
the Paxton Formation estimated from regional stratigraph-
ic correlation.
Although the Paxton Formation and its correlatives
may include rocks of several ages, the Ayer Granite dem-
onstrates and the other plutonic rocks suggest that at
least some of these strata are Early Silurian or older.
It is interesting to note that the three plutons just de-
scribed may have been emplaced during the time of active
sedimentation in the Merrimack belt.
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CHAPTER 3
INTRUSIVE ROCKS
Introductory Statement
Most of the intrusive rocks of the area are de-
formed, metamorphosed gneisses of granitic, tonalitic, or
other igneous composition. Original igneous textures and
intrusive contacts are obliterated by recrystallization
and deformation . In addition, one small exposure of
unmetamorphosd diabase is also mapped. Rocks of the
Leadmine Pond Gneiss, many of which might be intrusive,
are described above (Chapter 2), and will not be included
here.
Amphibolite and Gabbro
Four bodies of amphibolite or gabbro (ag) are shown
on Plate 1. Three of them are in the Rattlesnake Mtn.
belt, and the fourth was exposed in the pipeline trench
about 1 km north of Holland, in the East Brimfield belt.
The body at the western edge of the area, 1100 meters
north of the town of Wales, is dominated by coarse-
grained, weakly foliated orthopyroxene-hornblende-biotite
gabbro with minor orthopyroxene-clinopyroxene granulite
and black hornblende amphibolite. The small body near
the southwestern edge of the study area, 600 meters N70E
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from Upper Pond, consists of homogeneous, medium-grained
hornblende-plagioclase amphibolite. In the Warren quad-
rangle to the north, Pomeroy (1977) reports a similar
small amphibolite body along the eastern side of the gray
schist of Kruse Road (Figure 1.2; Plate 1).
In contrast to the rocks just described, the body of
"ag M in the East Brimfield belt is layered. The rocks
include amphibolite
,
garnet amphibolite , hornblende-
biotite gneiss, and hornblende-clinopyroxene gneiss.
Tonalite Gneiss
Two large plutons of tonalite gneiss straddle the
boundary between the Rattlesnake Mtn. and Little Alum
Pond belts. The northern pluton is exposed best in
several road-cuts along Route 20 , and the southern pluton
is well exposed in large outcrops on Burley Hill. The
southern pluton was named the Hedgehog Hill body (Peper
and Pease, 1975) and called the Hedgehog Hill Gneiss by
Pease (1982). The Hedgehog Hill Gneiss extends southwest
of the Brimfield-Sturbridge area to the western edge of
the Warren quadrangle and across the Stafford Springs
quadrangle (Peper and Pease, 1975) (Figure 1.1).
The tonalite gneiss is a medium-gray, homogeneous
rock, distingushed from typical rocks of the Leadmine
Pond Gneiss by its massive, non-layered structure. It
generally forms large, blocky outcrops. The rock-type is
plagioclase-quartz-biotite-orthopyroxene+hornblende+
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magnetite-apatite gneiss. In places, hornblende occurs
with biotite and magnetite in clots 1/2 cm long, elongate
parallel to the foliation. Orthopyroxene is ubiquitous
in the groundmass, commonly comprising less than 5% of
the rock. It also occurs as megacrysts within felsic
segregations or in cross-cutting veins.
Felsic veins are widespread in the tonalite gneiss.
The most common type is white, quartz-plagioclase-biotite
pegmatite. Less common pink, K-feldspar-bearing veins
are also present. The veins are typically thin and
discontinuous
.
The present understanding the tectonic history of the
Brimfield-Sturbridge area relies on the timing of tona-
lite gneiss intrusion. The tonalite bodies intrude the
thrust fault at the western edge of the Little Alum Pond
belt. The cross-cutting map-pattern is best demonstrated
in the vicinity of Route 20 (Plate 1). This is taken to
indicate that the tonalites post-date the mapped thrust
faults.
The tectonic foliation, granulite-facies metamorphic
assemblages, mylonite, and folds which affect the
tonalite gneiss indicate that these features post-date
the intrusion of tonalite.
Pegmatite
Almost every outcrop of schist contains interlayered
feldspar-quartz-biotite pegmatite. The pegmatite layers
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are typically less -than 10 cm -thick and concordant with
the layering and foliation of the country rock. Most of
the pegmatite is believed to have been produced by segre-
gation of melts during metamorphism, and is probably near
its place of origin. This is suggested by the small,
physically isolated bodies and by a general relationship
of pegmatite to host rock composition. Some thicker,
tabular pegmatites probably migrated farther. Larger
bodies are shown on Plate 1.
Field observation suggests there may be subtle
differences in the proportions of minerals between
pegmatites in different host rocks. Sulfidic schists
generally contain gray to greenish-gray pegmatites,
commonly with cordierite, biotite, graphite, and minor
pyrrhotite; pegmatite in the gray-weathering schists is
generally light-gray to white and contains greater
proportions of garnet and sillimanite. Further work is
needed to understand the chemical ties between pegmatites
and host rock.
At least some of the cordierite-bearing pegmatites in
the area formed before peak metamorphism, perhaps during
dehydration of the schists (Tracy and Dietsch, 1982;
Robinson et al., 1982a). It is not known if all cordier-
ite-bearing pegmatites formed at that time, or how many
of the other pegmatite types also formed at that time.
Differences in garnet and cordierite compositions and
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zoning profiles in different samples suggest metamorphic
re-equilibration may have occurred at several times,
making it difficult to interpret the timing of pegmatite
formation.
Muscovite-bearing pegmatites are widespread, but not
abundant. Commonly
,
they are foliated rocks, some of
which are folded along with the enclosing rocks. Their
presence needs to be explained in an area where the re-
gional metamorphic grade is above muscovite stability in
most rocks. Presumably the muscovite in the pegmatites
is later than the metmorphic peak, but it is not known
whether the pegmatites are also late or the muscovite is
of retrograde origin.
Orthopyroxene-bearing Gneiss
In the western part of the Little Alum Pond belt,
near Five Bridge Road and Morse Road (Plate 1), there is
a rusty-brown-weathering
,
orthopyroxene-plagioclase
gneiss (Dog). It appears massive in outcrop, but it is
generally poorly exposed and not well known. No thin
sections were made from this unit. The gneiss is ten-
tatively interpreted as a metamorphosed intrusive rock.
This gneiss may be somewhat similar to rocks in the Ware
area interpreted by Field (1975) to be metamorphosed
volcanics which he assigned to the Orthopyroxene Gneiss
Member of the Littleton Formation. Although the former
Littleton rocks would probably be assigned now to the
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Rangeley Formation, the interpretation of the gneisses as
volcanics may still be valid.
It is interesting to note that a white, granitic
gneiss (Dgr) occurs near the orthopyroxene-bearing
gneiss, 1100 meters S80W of East Brimfield. The granitic
gneiss is similar to the Felsic Gneiss Member of the
Littleton Formation in the Ware area (Field, 1975),
associated with the orthopyroxene-bearing gneiss there.
A second body of rusty-weathering, orthopyroxene
-
plagioclase gneiss is present in the northeastern part of
the Brimfield-Sturbridge area, exposed at the east end of
the Streeter Dam spillway of the East Brimfield Reservoir
(Plate 1). The gneiss is in contact to the west with
very rusty-weathering, sparsely garnetiferous schist.
Age of Intrusion
No isotopic dates have been determined for rocks from
the study area. Most of the igneous activity is attribu-
ted to the regional Acadian orogeny of Devonian age.
Three lines of evidence support a Devonian age for at
least some if not all of the intrusions. 1) The strata
which they intrude are inferred to be Silurian. 2) The
intrusive rocks were affected by peak metamorphism. This
metamorphism is thought to be dated as older than 363 Ma
by a U-Pb monazite age from a pipeline trench sample near
the western edge of the Wales quadrangle (Barbara
Barreiro, pers. commun. , 1987). 3) Devonian ages have
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been obtained from intrusive rocks in the region
(Zartman, 1988).
One puzzling bit of evidence comes from the Hedgehog
Hill Gneiss. Samples collected from the Hedgehog Hill
Gneiss in the Stafford Springs quadrangle by M.H. Pease
have been analyzed by R.E. Zartman. Two zircon size
fractions yielded similar 207Pb/206Pb ages, allowing a
relatively short extrapolation to an upper concordia
intercept of about 445 Ma (E.E. Zartman, written commun.
,
1988). This suggests the Hedgehog Hill Gneiss is Late
Ordovician in age. Such an age apparently contradicts
the interpretation in the Brimfield-Sturbridge area where
tonalite gneisses cut rocks thought to be Silurian-
Intrusive rocks of other ages may also be present.
For example, the Leadmine Pond Gneiss might include
pre-Silurian intrusive rocks. On the other hand, some
intrusive rocks, especially the muscovite-bearing ones,
could be younger than Devonian, perhaps late Paleozoic.
There is little data from this area to constrain the
range of intrusive ages.
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CHAPTER 4
STRUCTURAL GEOLOGY AMD TECTONICS
Introductory Statement,
The geometric pattern of units as shown by the geo-
logic map (Plate 1) appears to be fairly simple. Con-
tacts are essentially parallel. Planar features measured
in the field also have a remarkably consistent orienta-
tion across the area (Plate 2). And yet, the strati-
graphic interpretation proposed here requires that for
tens of kilometers along strike, the rocks are repeated
by major thrust faults. Therefore, it is not easy to
relate directly the major and minor structural features.
For this reason, the chapter is organized in the fol-
lowing way. Descriptions and interpretation of the mi-
nor, outcrop-scale features are given first, followed by
the map-scale features, and then a model by which they
might be related. Finally, the structural and metamor-
phic events are considered in the regional context of
Acadian plate tectonics.
Minor Structural Features
Layering and Foliation
As described in Chapter 2, many of the gneisses,
schists, and granulites in the area are compositionally
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unit of very sulfidic, graphitic schist is present along
the contact (Osberg, 1980; 1988). This sequence of Wa-
terville-sulfidic pelite-Sangerville could easily be
mistaken for an inverted sequence of Rangeley-Smalls
Falls- (Madrid) -Littleton, with the Madrid interpreted as
locally absent.
Smalls Falls and Madrid Formations
The Smalls Falls and Madrid Formations are correlated
with their type areas in western Maine, and with properly
correlated rocks in Maine and New Hampshire, including
the Francestown and Warner Formations, respectively, of
the Monadnock quadrangle (Thompson, 1985). To the east,
in central Massachusetts, the rusty quartzite member of
the Paxton Formation (Spqr of Zen et al.
, 1983) may cor-
relate with the Smalls Falls Formation and the granulite
member of the Paxton Formation at Turkey Hill Brook in
Paxton (Sp) may correlate with the Madrid (Robinson,
1981; Robinson et al. , 1982b, optional stop 12A; Robinson
and Goldsmith, in press).
Regional Correlation of Paxton Formation
The question to ask about the Paxton Formation is not
"To what does it correlate?", but "To what do they cor-
relate?" The internal stratigraphy of the Paxton is
poorly known, largely because of the broad, flat dips and
a scarcity of outcrop. Correlations to different units
have been proposed for different parts of the Paxton For-
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a schistosity. In some other rocks the predominant foli-
ation is less pervasive.
The layering and foliation are parallel to each
other, as seen in outcrop and in thin section. In a few
places, a later weaker foliation parallel to the axial
planes near the hinges of folds cuts layering and folia-
tion. But in these cases, the predominant foliation is
folded together with the layering, and the layering and
predominant foliation are parallel.
Orientations of planar features are shown on the map
in Plate 2. Bedding or compositional layering is indica-
ted by one symbol, and foliation or schistosity by anoth-
er. The consistency of orientation is immediately appar-
ent. The rocks are straight.
The map has been divided into six areas for the pur-
pose of structural analysis, designated by letters A
through F (Figure 4.1; Plate 2). These areas are divided
in part by mapped thrust faults, and in part by other
lines which divide the data into manageable groups.
Orientations of foliation and bedding (or layering)
in each of the areas are shown in Figure 4.2 by lower
hemisphere, equal-area projections of their poles. The
consistent north-northeast strike and northwest dip is
indicated by the tight cluster of poles to the east-
southeast. The cluster is so tight that the symbols
overlap and obscure each other. Equally remarkable is
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Figure 4.1 Lettered areas of the map used for structural
analysis. Shown in more detail on Plato 2.
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Figure 4.2 Plots of layering and foliation orien-
tations by area. Open square: pole to bedding or
compositional layering. Filled square: pole to foli-
ation or schistosity. Lower hemisphere, equal-area
projection; north toward top of page. For locations
of areas , see Figure 4 . 1 and Plate 2
.
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the fact that, very few measurements of foliation or
layering fall outside the clusters.
To see better the distribution of data within the
cluster, contours of the same data are shown in Figure
4.3. The average orientations of planes for each area
are given, based on the calculated vector mean of the
poles. The average orientations for all areas are within
a few degrees of each other. The only area which may be
significantly different is area A, in the northwest part
of the map, which strikes N9E, about 10 degrees more nor-
therly than the other areas. This effect can be seen on
the geologic map by the more northerly trend of the con-
tacts in this area (Plate 2).
Planar data from all areas are combined on Figure
4.4. Bedding or layering are plotted separately from
foliation for convenience. From field observation, they
are known to be parallel to each other
.
Isoclinal Folds
Scattered isoclinal folds deform the foliation and
layering. In outcrop, the folds appear to be more abun-
dant in the layered gneisses, but this may be because the
layering accentuates them more. Also, deformation in the
gneisses appears to be more homogeneous than in the
schists, so the folds are preserved better. Folds in
some samples of schist were only found after the samples
were cut, and not recognized in the field. These folds,
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9Figure 4.3 Con-toured equal-area diagrams showing orien-
tations of layering and foliation by area. Contours
indicate density distribution of the data shown in Figure
4.2. Contour interval (C.I.) is 6% of the data per IX of
the area of the plot. N is the total number of data
points contoured. Calcualted mean vectors indicate the
average orientation for each area as follows:
Area A: N9E, 44NW Area B: N18E, 46NW
Area C: N24E, 46NW Area D: N22E, 45HW
Area E: N15E, 41HW Area F". N21E, 52NW
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Figure 4.4 Orientations of layering and foliation from
all areas, combined- Poles to planes are shown on the
left, and density contours of the same data on the right.
Upper plots represent orientations of bedding or compo-
sitional layering; lower plots represent orientations of
foliation or schistosity.
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commonly outlined by pegmatite layers, have thick hinges
and highly attenuated limbs, mistaken in outcrop for
small boudins. It is suspected that many other isoclinal
folds were present and not recognized.
Another obstacle to understanding the early isoclinal
folds is that their fold axes are difficult to measure
routinely. Commonly, only a profile view is available in
the field, and the third dimension is not known. The
rocks generally break into slabs or blocks rather than
along the folds, so hinges are rarely exposed. Axial
planes of the isoclinal folds are parallel to layering,
foliation, and just about everything else.
The few measured isoclinal folds have various orien-
tations. At a spectacular outcrop in the Leadmine Pond
Gneiss, north of Route 20 in the East Brimfield belt,
isoclinal fold hinges plunge to the west, down the dip of
the foliation. A strong mineral lineation is parallel to
these hinges.
MyIonit
e
Thin zones of mylonite, less than 1 cm thick, are
widespread. Some thicker zones of sheared, fine-grained
rock are up to several meters thick. Orientation of the
aylonitic foliation (Figure 4.5) is parallel to the foli-
ation in the surrounding rocks in most cases, but in some
cases the mylonites have a more shallow dip and cut the
foliation.
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Figure 4.5 Orientations of mylonitic foliation. Poles
to planes are shown from three lettered areas separately
(Figure 4.1), and for all three areas combined (lower
right).
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Based on previous studies of mylonites to the north
in the Warren quadrangle (Robinson et al.
,
1982a) and in
the large shear zone mapped in the southwest corner of
Plate 1 (Finkelstein, 1987), and on new work from this
study, several characteristics of the mylonites can be
summarized. The mylonitic lineation trends down the dip
of the foliation, toward the west or west-southwest.
Asymmetric grain shapes, asymmetric recrystallization
tails on porphyroclasts, rotation sense of rotated grains
and aggregates, local s-c fabrics, and related folds all
consistently indicate west-side-up movement during mylon-
ite formation. The minerals deformed during mylonitiza-
tion, including cordierite, sillimanite, garnet, horn-
blende, and orthopyroxene , are typical products of the
peak, granulite-facies metamorphism. These minerals,
together with the fact that some mylonites cut the met-
amorphic foliation, demonstrate the mylonites post-date
the peak of metamorphism.
Lineation
The predominant structural feature of the area is the
well defined, straight foliation. In addition, the foli-
ation in many places contains within it a lineation or
lineations, defined by parallel prismatic minerals, such
as sillimanite or hornblende, or dimensionally elongate
minerals or mineral aggregates, commonly quartz, biotite,
or feldspar. The intensity of the lineation varies from
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place to place, in some cases between two foliation
surfaces of the same outcrop. Some foliation surfaces
contain sprays of sillimanite or other minerals, and a
particular lineation direction is not present.
The orientations of lineation are plotted on Figure
4.6. They naturally fall along the plane of the folia-
tion. But the lineations are not distributed randomly
within the foliation plane. The data from Figure 4.6
have been contoured to show the lineation distributions
for each lettered area of the map (Figure 4.7). In each
area, there is a concentration of shallowly plunging
lineations, either to the north or south. In addition,
areas A, B, E, and F have concentrations of more steeply
dipping lineations, toward the west or southwest. Be-
cause the amount of data for each area is not large, the
data from all areas have been combined in Figure 4.8
(top) which clearly shows the two distinct concentrations
of lineation directions. The similar existence of two
lineations was documented by Tucker (1977) in the Barre
area to the north ( Figure 1.1), which was extended to
much of central Massachusetts by Robinson (1979; also
Robinson et al.
,
1982b). In the Ware area, Field (1975)
suggested two lineations might be present, but was unable
to separate them by orientation. Work in progress by
V.L. Peterson (in review) has shown that two lineations
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Figure 4.6 Plot of lineation, fold hinge, and axial
plane orientations by area. Filled spot: mineral
lineation. Star: minor fold hinge or axis. Filled
square: pole to fold axial plane. Features are not
differentiated with respect to age. Lower hemisphere
,
equal-area projections, north at top.
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Figure 4.7 Contoured lineation orieirta-tion data by area.
Density contours based on lineation data (spots) from
Figure 4.6, Contour interval (C.I.) is 2% per 1% area
for areas A and B, and 4% for the others.
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Figure 4.8 Plots of lineations, fold hinges, and axial
planes from all areas, combined. Symbols as in Figure
4.6.
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are present along the western edge of the Merrimack belt
in the Monson and Palmer quadrangles.
The recognition of two lineation directions raises
the question whether the lineations all formed in one
phase and were then deformed into different orientations,
or the two lineations formed independently at different
times.
The second possibility is demonstrated in several
places by the occurrence of both lineations on the same
foliation surface or on two surfaces close together. At
these places, there are two distinct lineations rather
than just a single, rotated one. In Figure 4.9, linea-
tions are plotted only from those localities where two
lineations are present. For each locality, the shallower
of the two lineations is indicated by a filled symbol and
the steeper of the two is indicated by an open symbol
(Figure 4.9). The data from all areas are combined on
Figure 4.10 and contoured in three ways. In the plot on
the lower right, all lineations are included, demonstra-
ting the two orientation concentrations. In the other
two diagrams, the steep and shallow lineations are con-
toured independently
.
Because of the consistency of orientation, it is sug-
gested that the interpretation of Figure 4.9 be extended
to Figure 4.7 and that the two common lineation orienta-
tions in the area formed at two different times. This
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Figure 4.9 Orientations of lineations from outcrops
with two lineation directions. For each outcrop, the
shallower lineation is indicated by a filled symbol and
the steeper lineation by an open symbol. Lettered areas
as in Figure 4.1. EB-248 is at the Arnold Road overpass
of the Massachusetts Turnpike in the East Brookfield
quadrangle, northeast of East Brimfield. WL372 is along
Route 190 at the western edge of the Westford quadrangle.
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Figure 4.10 Combined and contoured lineation data from
outcrops with two lineation directions. "Combined" plot
shows all data from Figure 4.9. "Steep only" plot shows
contours based on open symbols from "Combined" plot.
"Shallow only" plot shows contours based on filled
symbols from "Combined" plot. "Steep and shallow" shows
contours based on all data in "Combined" plot. Other
information as in Figure 4.3.
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agrees with the interpretations to the north (Tucker,
1977; Robinson, 1979) and to the west (Peterson, in
review)
.
The question of the nature and origin of the two
lineations has not been addressed in this study. In most
cases, the lineations are compositionally and texturally
similar in outcrop. In a few places, the steeper linea-
tion involves a slightly finer-grained, more pervasive
elongation of all minerals in the rock, in contrast to
the shallower lineation which is coarser-grained and con-
sists predominantly of coarse sillimanite prisms. Also,
the shallower lineation may be more diffuse, locally with
small curves and swirls, especially around garnet grains.
In a sample from the Rangeley Formation in the May
Brook belt, a thin section parallel to the foliation
contains both lineations. In this section, the steeply
plunging lineation is the older. It is best preserved in
patches. At the edge of the patches, the steep lineation
curves into the shallower lineation. There is also the
suggestion from this thin section that the sillimanite
parallel to the earlier, steep lineation contains more
opaque dust and is coarser and more ragged around the
edges than the later-formed, clean, euhedral sillimanite
parallel to the shallow lineation. Further study of thin
sections parallel to foliation is needed to see if such
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distinctions between the character of the two lineations
can be made routinely.
It is thought that the earlier, steeply plunging lin-
eation may be genetically related to mylonite formation.
This is because the two lineations are approximately par-
allel (see also Finkelstein, 1987), and also because fab-
rics with west-over-east asymmetry are common in lineated
rocks which are not mylonitic. It is suggested that the
mylonite-forming event deformed the area pervasively, im-
posing widespread asymmetric shear fabrics and that the
mylonites represent localized zones of more intense
strain
.
To the west, the intensity of the west-over-east
deformation may increase toward the Monson Gneiss contact
at the western edge of the Merrimack belt (V.L. Peterson,
in review). In addition, the shallowly plunging linea-
tion there is associated with a west-side-north asymme-
try, not recognized (although possibly present) in the
Brimfield-Sturbridge area.
Asymmetric Folds
Asymmetric minor folds with shallow plunges deform
the layering and foliation. Axial plane foliation is
generally poorly developed to absent. Some of these
folds are approximately concentric in form, and they
commonly die out along the axial surface. Typically,
only two hinges and the intervening short limb are ex-
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posed, on the order of tens of centimeters between adja-
cent hinges.
Orientations of some asymmetric folds are shown in
Figure 4.8. The hinges are generally parallel to the
shallow mineral lineation, and the folds are therefore
tentatively related to that lineation. Mo geographic
pattern to the asymmetry has been recognized. Most of
the folds for which rotation sense was identified are
east-side-up, or counterclockwise looking north. An
example of an east-side-up asymmetric fold is shown in
Figure 4.11. Folds with the opposite rotation sense,
west-side-up, occur in two regions. One is a fairly nar-
row, north-south zone from area A southward along the
western edge of area C, through the southwest corner of
area D, and through the middle of area F (Figure 4.1;
Plate 2). This zone also includes interspersed east-
side-up folds. The second region is the northeastern
part of area D and area E (Figure 4.1; Plate 2).
The folds of this age are interpreted to postdate the
mylonites for three reasons: 1) In the Warren quadran-
gle, to the north, Robinson et al. (1982a) reported mi-
croscopic minor folds with shallowly plunging axes which
deform mylonitic foliation. 2) The shallow lineation
post-dates mylonite formation, so if the asymmetric folds
are the same age as the shallow lineation, they must also
postdate the mylonites. 3) In the mapped mylonite zone
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Figure 4.11 Asymmetric fold in bedded marble. Verical
exposure in wall of pipeline -trench, east of Finley Road,
Sturbridge. Slash pattern indicates cross-cutting and
folded pegmatite.
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at the south end of the Rattlesnake Mtn. belt (Plate 1)
outcrop-scale asymmetric folds deform trains of coarse
feldspar and quarts grains interpreted to be bits of peg-
matite dismembered during mylonite formation.
The asymmetric folds clearly postdate peak metamor
-
phism. The microscopic evidence is that individual
grains of biotite, sillimanite, and cordierite are de-
formed in the axial regions of the folds. This suggests
that there was little mineral growth after these folds,
and that preexisting grains were not significantly
recrystal1ized
.
Crenulation Cleavage
In a few outcrops near Route 20, a late-stage crenu-
lation cleavage deforms the foliation and layering. The
cleavage is present in the tonalite body, and also in a
massive gneiss beside the driveway north of East Brim-
field (Plate 2). The cleavage was not widely observed
and has unknown significance.
Map-scale Features
Isoclinal Folds
Map-scale isoclinal folds are recognized by repeti-
tion of strata. The clearest examples of such folds are
in the Burley Hill area at the south end of the Rattle-
snake Mtn. belt; in the Five Bridge Road area of the
Little Alum Pond belt; and in the south end of the Janes
Hill belt (Figure 2.1; Plate 1).
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Burley Hill Area. In the Burley Hill area, unit,
"Srs" is interpreted to be in the core of an isoclinal
syncline, flanked by the "Srw" unit. The contact between
these two units closes on the map near the south edge of
the large tonalite body (Plate 1). The axial trace of
this fold is interpreted to continue to the north within
"Srw" and is truncated at the east edge of the belt by a
thrust fault. East of this syncline is an anticline, with
"Sr" in the core, flanked by quartzite of "Srq". The
axial trace of this anticline is within the "Srq" unit at
the south edge of the map.
To the east again is another syncline, with "Srw" in
the core, and east of that is another anticline, with
"Sr" in the core, flanked in turn by "Srq 1 ' and "Srw".
The quartzite and white schist units on the eastern limb
of this anticline are truncated to the north by the
thrust fault at the eastern edge of the Rattlesnake tttn.
belt, so the axial surfaces of the folds just described
must also be truncated by the fault.
Five Bridge Road Area. A map of the Five Bridge Road
area is shown in Figure 4.12. The structural interpreta-
tion for the Little Alum Pond belt, in the center of the
figure, depends on the stratigraphic interpretation shown
in the inset at the upper left. According to this inter-
pretation, the western belt of "Src" is in the axial
region of an isoclinal syncline, flanked by the equiva-
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Figure 4.12 Map of Five Bridge Boad area. Inset shows
stratigraphic interpretation of Little Alum Pond belt in
center of map. X-Y is the line of cross-section in
Figure 4.13.
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lent "Srcs" and "Srw" units. The unit "Srt" is exposed
in an isoclinal anticline between the "Src" units.
A cross-section through this area is shown in Figure
4.13. There is no information to predict the direction
of closure of the folds, so upward-facing folds have been
assumed . The east-side-up sense of motion suggested by
the anticline-syncline pair so constructed is consistent
with the sense of motion inferred for the thrust faults.
It is believed, for reasons given below, that the area
has been backfolded to the east. The sketch in part 1 of
Figure 4.14 illustrates the original orientation of the
isoclinal folds and thrust faults, consistent with west-
directed motion. These west-directed structural features
were then backfolded to the east into their present ori-
entation (part 2 on Figure 4.14).
Janes Hill Belt. A map of the south end of the Janes
Hill belt is shown in Figure 4.15A. At the eastern edge
of the belt is a sequence of thin units repeated about an
isoclinal syncline. At the center of the syncline is the
unit "Sri". It is flanked in turn by "Src", "Srw", and
"Sr", with "Srw" being locally absent. An east-west
cross-section through this map is shown in Figure 4.15B.
In cross-section, the axial surface of the syncline is
cut by the thrust fault to its east. This relationship
is demonstrated on the geologic map north of the area of
Figure 4.15A, where units are cut out successively along
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Figure 4.13 Cross-section -through Five Bridge Road area.
For location, see Figure 4.12.
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Figure 4.14 Interpretation of Five Bridge Road area.
Lower figure (1) shows west-directed thrust nappes and
isoclinal folds before backfolding. Upper figure (2)
shows present orientation, after backfolding.
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A. Map
B. Cross-section
C. Before
backfolding
'
< (
-
Figure 4.15 Map and cross-section of the syncline, south
end of Janes Bill belt.
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the fault. Figure 4.15C illustrates the interpreted
orientation of folds and thrust faults before they were
backfolded into their present orientations.
Thrust Faults
The most obvious structural features on the map of
the Brimf ield-Sturbridge area are the thrust faults which
extend for the length of the area (Plate 1). The faults
divide the area into structurally isolated belts (Figure
2.1). Two features of the faults need to be discussed:
the evidence for their existence, and the evidence for
the proposed sense of offset.
The faults are recognized by truncation of contacts
in a few areas, and by inferred stratigraphic offset.
Truncation of units can be demonstrated best along the
east side of the Rattlesnake Mtn. belt in the Burley Hill
area; along the east side of the Little Alum Pond belt
east of Little Alum Pond; along the east side of the
Janes Hill belt north of the syncline (Figure 4.15); and
along the east side of the Leadmine belt at its northeast
corner near the pipeline. Map-scale truncation along the
faults has been inferred in other places (Plate 1), but
the truncation in these places is less certain.
In almost every case, the faults have rocks of the
Leadmine Pond Gneiss to the east and rocks of the Range-
ley Formation to the west. The Leadmine Pond Gneiss is
the older, so in the simple case of an upright sequence,
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this implies east-side-up motion on the faults. The
faults dip consistently to the west (Figures 2.4, 2,12,
4.13, 4.15). East-side-up motion on a west-dipping fault
implies normal motion in most situations. In this case,
however, the stratigraphic sequence within each slice
faces downward toward the east, requiring that the se-
quence has been overturned. This combination of facts
may be explained in two ways: either the rocks were over-
turned first and then repeated by faulting, or else the
sequence was imbricated along faults and then the region
was overturned
.
Although it is difficult to exclude either explana-
tion, the idea of westward imbrication followed by over-
turning to the east is believed to be more easily accomo-
dated with the regional geology (see below). This inter-
pretation is illustrated in Figures 4.14 and 4.15.
Shear Zones
Several shear zones are shown on Plate 1 by faults
with open teeth. These zones consist largely of mylon-
ite, typically several meters thick. In the thicker
zones, areas of mylonite are mapped. The mylonite zone
toward the southern end of the Rattlesnake tttn. belt,
studied by Finkelstein (1987), is an impressive zone,
over a hundred meters wide. Its protolith may have been
largely tonalite with pegmatite dikes, based on the min-
eralogy. Some lenses and folia of mylonite containing
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sillimanite and garnet were probably schist; of the
Rangeley Formation.
The significance and extent of this mylonite zone are
not well known. It has been traced for 2 1/2 km along
strike. To the north, it is lost in an area of poor out-
crop. The mylonite zone apparently truncates the unit of
gray schist (Srg) to the southeast. Also, there is a
suggestion that the orientation of foliation and layering
are different on opposite sides of the zone, with more
northerly strikes to the northwest and more northeasterly
strikes to the southwest (Plate 2).
A second thick zone of mylonite is present in the
northern part of the Rattlesnake Mtn. belt, along Route
20 (Plate 1). The orientation of the foliation in this
zone is approximately parallel to its margins, and cuts
across the regional foliation (Plate 2). It is possible
that this zone may connect in some way with the zone at
the south end of the belt, but more directed study is
needed to evaluate this proposal.
Sequence of Events in the Brj «^-i«»M-Sturbridge Area
The minor and map-scale structural features described
above and metamorphic effects described in Chapter 5 may
be assembled into a model for the evolution of the re-
gion, illustrated in Figure 4.16. An early phase of
low-P, high-T metamorphism produced andalusite, preserved
in pseudomorphs , over a broad area of the Merrimack belt
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Figure 4.16 Acadian tectonic model for the Brimfield-
Sturbridge area. Relative ages of deformational and
thermal features is shown, with oldest features at the
bottom. Pre-Silurian rocks in black.
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(Robinson et al.
,
1982a). This early metamorphism also
produced cordierite-bearing pegmatites and dehydration in
south-central Massachusetts. The earliest structural
features were west-directed isoclinal folds and thrust
faults. These features are correlated with the Acadian
nappe stage of deformation of the Bronson Hill anti-
clinorium to the west. The thrust-nappes comprise the
imbricate stack of thin slices which dominates the map
pattern (Plate 1). The several slices contain similar
sections of basement and cover rocks (Figure 2.16), so
they are presumed to have been rooted in a commmon source
area, as symbolized by the thrust-duplex structure in
Figure 4.16.
Intrusive tonalite bodies crosscut the thrust faults
on the map (Figure 4.12), demonstrating they are younger
than thrusting. Because the tonalites were affected by
the peak granulite-facies metamorphism
,
peak metamorphism
must have been also younger than the nappe stage fea-
tures. Structural features which followed peak metamor-
phism include a westerly plunging mineral lineation, at
least some of the isoclinal folds in foliation, and the
fine-grained mylonites containing porphyroclasts of peak-
metamorphic minerals. These mylonites and related struc-
tural elements with east-directed kinematic indicators
are assigned to the stage of regional backfolding.
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During the backfold stage, originally west-directed
nappe-stage features were overturned to the east.
Asymmetric folds with shallow plunges are common in
the region. They are considered to be coeval with final
emplacement of the gneiss domes along the Bronson Hill
anticlinorium. No significant map-scale features of this
age have been identified in south-central Massachusetts.
A Plate-tectonic Model
The sequence of events proposed here for the Brim-
field-Sturbridge area can be combined with previous re-
gional interpretations (Robinson and Hall, 1980) and
recent data from the Bronson Hill anticlinorium (Robinson
et al., 1989) to produce a new regional tectonic model
(Berry and Robinson, 1989). In the middle to late
Ordovician, the Bronson Hill zone was the site of arc-
type volcanism and calc-alkaline plutonism in the waning
stages of the Taconian orogeny. In the late Ordovician
to early Silurian v sediments of the Merrimack belt were
deposited on thinned continental crust, that included the
rocks of the Leadmine Pond Gneiss. The basin may have
been initiated by extension behind the Bronson Hill vol-
canic arc. Increased heat flow through thinned crust
might account for the widespread early high-T metamor-
phism in the Merrimack belt. Rapid sedimentation into
this basin resulted in the varied clastic sequences of
the Rangeley and Paxton Formations. Reduced sediment
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input and poor circulation in the late Silurian accom-
panied Smalls Falls deposition, followed by an increase
in quarts- and feldspar-rich elastics of the Madrid
Formation.
In the late Early Devonian, this late-Iapetus basin
closed, causing the Acadian orogeny. As the Acadian
began, the basin was imbricated, with some sheets thrust
westward many tens of kilometers across the Bronson Hill
zone. Then, more buoyant Bronson Hill crust rose rela-
tive to denser Merrimack crust, producing large-scale
eastward backfolding. The opposite motions of the Bron-
son Hill belt up and the Merrimack belt down resulted in
clockwise and counterclockwise P-T paths, respectively
(Figures 5.2; 5.25). Final tightening of the orogen
produced asymmetric folds in the Merrimack belt and the
final shapes of the spectacular gneiss domes of the Bron-
son Hill anticlinorium.
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CHAPTER 5
GARNET-PRODUCING REACTIONS IN AN ANORTHITE-DIOPSIDE-
WOLLASTONITE-SCAPOLITE CALC-SILICATE ROCK
Preface
This chapter concerns a specific aspect of metamor-
phism encountered during the current study. It is struc-
tured as an independent paper, included here for two rea-
sons. First, the resulting interpretation of a temper-
ature-pressure path has direct relevance to the broader
tectonic model; and second, it includes, by way of intro-
duction, a brief summary of regional metamorphism in the
area.
Introduction and Tfoffjonal Mftt^mnyphic Setting
Metamorphic rocks in central Massachusetts have been
divided by Tracy, Robinson, and Thompson (1976) into six
zones according to regional peak metamorphic mineral
assemblages in politic schists. The sample of the
present study is from the highest grade zone, zone VI,
defined by the coexistence of quartz, garnet, silli-
manite, cordierite, and K-feldspar in pelitic schists
(Figure 5.1). Metamorphosed igneous rocks in this region
include the assemblages orthopyroxene-augite-plagioclase
and orthopyroxene + K-feldspar, indicative of the granu-
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Figure 5.1 Regional metamorphic map of central Massachu
setts. Roman numerals indicate characteristic mineral
assemblages reflecting increasing metamorphic grade.
Contours show estimated peak temperatures based on gar-
nets from politic schist (Robinson et al. , 1982a). Bar
inside 725<>C isotherm shows location of Figure 5.3.
229
lite facies (Hollocher, 1985). Previous garnet-biotite
thermometry and garnet-cordierite-sillimanite-quartz
barometry in the region have suggested peak-met,amorphic
temperatures range up to 745<>C at pressures of about 6 to
6.5 kb (Tracy, Robinson, and Thompson, 1976; Robinson et
al.» 1982). The 745°C temperature estimate was from an
outcrop 1 . 5 km directly along strike to the north of the
present sample locality (Figure 5.1).
In addition to widespread, thorough equilibration
during peak metamorphism, there is evidence that crys-
tallization occurred before and after the peak, also.
Scattered sillimanite pseudomorphs after andalusite
(Robinson et al., 1982), and breakdown of older, iron-
rich cordierites during peak metamorphism (Tracy and
Dietsch, 1982) indicate early metamorphism took place at
pressures significantly below peak pressures, at uncer-
tain temperatures. After the peak of metamorphism, ion
exchange at garnet-biotite grain contacts (Tracy et al. ,
1976; Robinson et al.
,
1982) as well as the growth of
small, magnesium-richer garnets in a mylonite zone (Rob-
inson, Tracy, and Pomeroy, 1977) indicate local equil-
ibration at somewhat lower temperatures and possibly
higher pressures than peak conditions. Robinson and
others (1988) have integrated these data into a P-T path
for the area (Figure 5.2).
230
OdO d
o
o
Q.
E
CD
0
-P
ft
j
o
61
a
• o
(0 +3
*3
.
0 ^
. a oo
+5 * 05
P O rH
0)
to A *
g-p -
004 CO
« -p
(0 ! ©
£1
(Q 0
<P*H ,£5
0 -H
p aMO
0 B M
WfH
-H •
-Pffl -P
A3
ft
I
04
rH
0
4
m
CV3 *H
- S H
S-p
to ft<H
231
The aim of the present investigation was to determine
whether the apparent reaction textures in a wollastonite-
bearing calc-silicate rock might indicate a restricted
range of pressure, temperature, and fluid composition at
the time of formation, and to compare these results with
interpretations from adjacent pelitic schists and mafic
granulites. In addition, this is the first report of
wollastonite from Acadian regional metamorphic rocks in
North America.
Outcrop and Sample Description
The Tenneco Gas Pipeline Company opened a pipeline
trench across the study area in 1985, much of which was
blasted into bedrock. A segment across Rattlesnake
Mountain in Holland, Massachusetts yielded 85% bedrock
exposure (Figure 5.3) from which many samples, including
the samples for this study, were collected. The sequence
is dominated by pelitic schist and 5- to 30-cm~thick
layers of calc-silicate granulite in various proportions.
Some intervals consist of massive schist, and others
consist of granulite layers with only thin schistose
partings (see Figure 5.3).
The studied rock is from a one-meter-thick horizon of
calcareous granulite, interpreted to be metamorphosed
impure limestones (Figure 5.3). The west side of this
layer is against highly graphitic, sillimanite+bio-
tite+garnet schist with concordant, graphitic pegmatites.
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To "the east, the studied horizon is bounded by 3 meters
of layered calc-silicate granulite. These granulites are
thought to be metamorphosed calcareous sandstones and
siltstones, but the studied horizon is the only one in
this section known to have abundant calcite remaining.
The next exposure to the east, after a gap in exposure,
is sillimanite-rich schist.
The studied thin section was cut from a 10-cm-thick,
pale pink, calcareous granulite layer, bounded on both
sides by pale green, quartz-plagioclase-diopside granu-
lite. This compositional layering, parallel to adjacent
schist-granulite contacts, probably represents relict
bedding. A conspicuous, planar fracture at 23° to the
layering is mineralized with wollastonite where the frac-
ture cuts the pink, calcareous layer, but where the same
fracture cuts pale green granulite it is not mineralized.
Petrography
General Statement
Figure 5.4 is a map of most of the thin section,
showing the distribution of three types of regions re-
ferred to as wollastonite-bearing regions, plagioclase+
calcite regions, and garnet-bearing regions. Together
the wollastonite-bearing and plagioclase+calcite regions
form a wormy, largely interconnected network through the
rock. Diopside is evenly distributed, but is most common
in garnet-bearing regions as shown in Figure 5.4 and in
234
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Figure 5.4 Thin section map
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more detail in the areas indicated in Figure 5.5. The
diopside grains commonly contain round inclusions of
quartz and sphene.
Boundaries between wollastonite-bearing and garnet-
bearing regions are commonly defined by a thin, contin-
uous garnet wall. Boundaries between wollastonite-bear-
ing and plagioclase+calcite regions are along quartz-
plagioclase contacts. Boundaries between plagioclase+
calcite and garnet-bearing regions are imaginary boun-
daries drawn within plagioclase grains which separate
plagioclase+calcite regions without garnet from plagio-
clase+calcite regions in which calcite grains have garnet
rims.
Wollastonite-bearing Regions
Wollastonite-bearing regions include quartz , wol-
lastonite, and calcite , and exclude plagioclase and
garnet. Calcite, though not abundant, is widely
scattered. Wollastonite grains occur individually or in
small clusters, commonly close to or against garnet-
bearing regions. In many places, boundaries of the
wollastonite-bearing regions are subparallel to wol-
lastonite grains or clusters, but quartz partly to com-
pletely surrounds the wollastonite (Figure 5.6). Wollas-
tonite is not present in the portions of wollas tonite-
bearing regions near plagioclase+calcite regions, which
portions consist mostly of quartz. Small, round scapo-
236
5mm
Figure 5.5 Locations of analyzed areas and detailed
figures. Analyzed areas indicated by black spots.
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lite inclusions in quartz grains are present in the wol-
lastonite-bearing regions (Figure 5.6).
Plagioclase+Calcite Regions
These regions consist mostly of plagioclase with
abundant small, rounded, elongate blebs of calcite as
inclusions or at grain intersections. Garnet, wol-
lastonite, and scapolite are not present, and diopside is
rare. The plagioclase is in large, anhedral patches made
up of a mosaic of small, equant grains. Contiguous,
constituent plagioclase grains have similar optic
orientations suggesting the smaller grains may have
recrystallized from originally large grains. Each bleb
of calcite, even where totally enclosed in a single
plagioclase grain, has a small tail or partial rim of
quartz. Scattered larger quartz grains are also present
in these regions.
Garnet-Bearing Regions
Garnet-bearing regions include plagioclase, quartz,
calcite, diopside, garnet, and scapolite, and exclude
wollastonite. Volumetrically , these regions are domina-
ted by large, optically continuous plagioclase grains.
Wollastonite-bearing regions embay and extend well into
plagioclase grains, in some cases dividing single grains
into separate parts. The most outstanding textural
feature of the garnet-bearing regions is that all the
garnet is in an extensive network which follows boun-
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daries between other minerals (Figure 5.7). There are no
discrete garnet grains. The garnet strands have con-
sistent thickness throughout the thin section, regardless
of neighboring minerals.
In different places, garnet is in contact with each
of the other minerals of the garnet-bearing regions, but
the following consistent textural relationships are
particularly important: Most diopside grains are partly
to completely rimmed by garnet, especially where plagio-
clase and calcite are nearby. Diopside-quartz contacts
are typically free of garnet. In many places, calcite
inside plagioclase is rimmed by garnet, especially where
diopside grains are nearby. Small, round, anhedral
inclusions of calcite and quartz are scattered through
the garnet. Small garnet-bearing regions isolated within
wollastonite-bearing regions commonly contain anhedral
plagioclase cores completely rimmed by garnet. All
scapolite grains in the garnet-bearing regions are
completely enclosed in garnet. Commonly, the garnet-
encased scapolite grains are nestled against diopside
grains. The few scapolite grains included in wollas-
tonite are also rimmed by garnet. This contrasts with
garnet-free scapolite included in quartz grains.
Accessory Minerals
Small rounded grains of sphene are abundant and wide-
spread. Sphene occurs in all regions, most commonly
240
Figure 5.7 Detailed drawings showing the textural occur-
rence of garnet- Patterns as in Figure 5.6, A. Garnet
forms rims between diopside grains and plagioclase+cal-
cite region. B. Garnet forms around quartz and calcite
inclusions in large anorthite grain
.
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associated with diopside as inclusions or along diopside
margins. Commonly, diopside margins are deeply embayed
around partially included sphene grains.
Only a scattered few small, round opaque grains are
present in the thin section (Figure 5.6, e.g.).
Retrograde Effects
In a few areas of the slide, there is a small amount
of sericite in plagioclase, and a few grains of clino-
zoisite. These are interpreted to represent late-stage
retrograde hydration unrelated to wollastonite-, scapo-
lite-, or garnet-producing reactions, and will not be
considered further.
Mineral Chemistry
Table 5.1 presents chemical analyses of minerals
obtained by electron microprobe. The analyses were
obtained by David Elbert at the JEOL microprobe facility
at Rensselaer Polytechnic Institute in Troy, New York.
Locations of analysis points are shown on the thin-
section map in Figure 5.5, and one is shown in more
detail in Figure 5.7B.
Quantitative analyses show calcite is 99.7% CaCOa
,
and wollastonite is 98.8% pure CaSiCte , with traces of
manganese and iron. Plagioclase is almost end-member
anorthite, with a measured range from An 98.1 to An 98.4
Orthoclase component is vanishingly small. Based on
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semi-quantitative E.D.S. spectra, the minerals quartz and
sphene are considered to be essentially pure phases.
Diopside and garnet analyses have been corrected for
ferric iron to charge-balance with 6 and 12 oxygens,
respectively (Table 5.1) by the method described by
Robinson (1980). Diopside lies virtually on the diop-
side-hedenbergite join, with a range of Fe: (Fe+Mg) ratios
from 0.400 to 0.451, to the diopside side of 50*. The
analyzed garnets are about 90 mole percent grossular.
Remaining garnet components are principally almandine,
andradite, and spessartine, with only small amounts of
pyrope
.
Complete scapolite analyses are not available. The
partial analyses shown in Table 5.1 have been calculated
to 12 Al + Si. The analyses are for two spots on the
same grain, indicated on Figure 5.5, which is enclosed by
garnet. Meionite content has been estimated in two ways.
One is by the Al:Si ratio which varies ideally from 6:6
in meionite (Meioo) to 3:9 in Meo . This is represented
algebraically by (Al-3)/3. A second estimate is given by
the proportion of Ca to Na cations, which ranges ideally
from 1.0 at Meioo to 0.0 at Meo. Lacking NaaO analyses,
the number of Ca cations per formula is divided by 4, the
stoichiometric number of sites. Both the Al:Si ratio and
Ca/4 methods predict closely similar scapolite composi-
tions for each analysis, about Me87 for analysis S-l, and
245
Meas for analysis S-2. Anions, which may include CO*
,
CI, S04
,
and F, have not been analyzed, and may exert a
significant influence on scapolite stability relation-
ships (Goldsmith and Newton, 1977).
Description of the Problem
Garnet rims enclosing grains of calcite or scapolite,
and garnet walls around wollastonite-bearing regions
suggest that garnet was produced in a reaction or reac-
tions which consumed calcite, scapolite, and wollas-
tonite. In order to evaluate what minerals may have been
involved in what reactions, in what sequence, and over
what conditions, a rather extensive excursion into the
petrology of garnet-producing reactions is necessary
.
Although other workers have studied some of the relevant
reactions or systems of reactions at selected pressures
or temperatures, no comprehensive study is available
which pulls together all aspects necessary to understand
the present rock.
Treatment of Chemical Components
The minerals in this rock plus an inferred meta-
morphic fluid can be described completely by the nine-
component chemical system Ca0-Na2 0-FeO-MgO-MnO-Ti02 -
Al2 03-Si02-C02 . Fortunately, not all of these components
are significantly involved in wollastonite-, scapolite-,
or garnet-producing reactions. Ti02 is considered to be
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an accessory inert component stabilizing sphene. Na2 0
behaves as an accessory inert component stabilizing scap-
olite. This is not strictly true, inasmuch as there is a
very small albite component in plagioclase. FeO and MgO
are considered to substitute ideally in most of the
following discussion, and will be represented by
MgO*=FeO+MgO. As an initial simplifying assumption, MnO
is treated as a trace component , but its strong parti-
tioning among the phases is given separate comment later.
CO2 is treated as a perfectly mobile component. This
leaves as determining components CaO, AI2O3, MgO*, and
Site , referred to as the C-A-M-S system. The independent
intensive variables are pressure (P), temperature (T),
and the molefraction of CO2 in the fluid phase (Xco2).
Within the C-A-M-S system, all phases of interest ex-
cept diopside lie on or near the C-A-S face. Therefore,
the chemical system Ca0-Al2 03 -SiOa -CO2 may be used as a
first approximation, which only neglects diopside and the
10% deviation of garnet from end-member grossular. This
would have the same effect as treating MgO* as an inert
accessory component stabilizing diopside if not for the
solid solution of garnet. After discussion of the C-A-S
system, the effect of MgO* will be described in the
C-A-M-S system, allowing consideration of diopside and
garnet solid solution.
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The System C-A-S
For simplicity, only the portion of the C-A-S system
coexisting with quartz is considered first. This does
not constitute a significant restriction for the rock of
interest because quartz is abundant and widespread, and
because no silica-poor calc-silicate minerals are pres-
ent. Still, if diffusion is slow, quartz-absent domains
could exist in very small rock volumes in which case
phases in quartz-absent portions of the C-A-S system
might be stable.
Considering only quartz-bearing assemblages allows
projection of phases from quartz onto the Ca0-Al2 0a
sideline of the C-A-S triangle. The resulting chemo-
graphy, using mineral formulas and abbreviations from
Table 5.2, is shown in the inset in the lower part of
Figure 5.8A.
Divariant reaction surfaces in three-dimensional
P-T-Xcoa space are represented in two dimensions in
Figure 5.8 by isobarically univariant reaction curves in
T-Xcoz space (Figure 5.8A) and by isothermally univariant
reaction curves in P-Xco2 space (Figure 5.8B). Phase
compatibilities in each divariant region are indicated.
The relative positions and shapes of these curves were
predicted from Schreinemaker' s rules, and calibrated
using the thermodynamic data of Berman (1988) and mineral
compositions in Table 5.2.
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Table 5.2 Mineral formulas and abbreviations
OA-S system:
AN Anorthite CaAl
2si?0o
CC Calcite CaCOo
GR Grossular CaoAI2SioO-| ?
ME Meionite Ca^A' "
~
QZ Quartz SiCU
WO Wollastonite CaSiO
l6Si602i,(C03)
3
C-A-M-S system
GAR Garnet (Ca,Mg*)-
?
Al2Sio01 p
DI Diopside CaMg*Si20f-
3
(Mg* = Mg + Fe^
+
+ Mn)
C-A-S system, plus Na^Q:
PL Plagioclase Ca0_ 1 Na 1 _0Al l _2Si^20g
SCAP Scapolite Ca
1J
"
0NaCHj|Al6_3SigZ9O2lj (CO3 ,Cl,SOij )
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Stability of Grossular
P-T-XC02 space is divided into two regions by the
throughgoing reaction:
(1) CC + QZ = WO + C02
.
In the presence of quartz
, reaction (1) separates cal-
cite-bearing assemblages at higher Xco2 , from wollas-
tonite-bearing assemblages at lower XC02 . Grossular
stability in the wollastonite field is limited by the
reaction:
(2) GR + QZ = 2W0 + AN.
Grossular is stable on the low-temperature side (Figure
5.8A) and high-pressure side (Figure 5.8B) of this reac-
tion. Reaction (2) does not involve CO2 , so it is insen-
sitive to Xco2
,
represented by horizontal lines in Fig-
ures 5 . 8A and 5 . 8B
.
In the calcite field, on the high-Xco2 side of reac-
tion (1), grossular stability is limited by the reaction:
(3) GR + CO2 = CC + AN + QZ.
Grossular is restricted to the Iow-Xco2 side of this re-
action (Figures 5.8A and 5.8B). Because CO2 is involved
in reaction (3), the equilibrium temperature and pressure
depend on Xco2 . This yields curved lines on P-XC02 or
T-XC02 diagrams. Because reaction (2) is stable only in
the wollastonite field, and (3) is stable only in the
calcite field, they necessarily terminate at the cal-
cite-wollastonite boundary, reaction (1) where they in-
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tersect. This mutual intersection of reactions (1), (2),
and (3) forms an isobaric invariant point in Figure 6A,
and an isothermal invariant point in Figure 5.8B. All
three curves must intersect at the same point, so to
locate this point it is sufficient to locate the inter-
section of any two of the three curves.
Reaction (2), the fluid-independent reaction, was
calibrated experimentally by Goldsmith and Newton (1977)
and calculated from revised thermodynamic data by Barman
(1988). It is shown with several other calibrated equi-
librium curves on the P-T diagram in Figure 5.9. This
diagram shows that, in the presence of quartz, grossular
is constrained to the low-T, high-P side of reaction (2),
in agreement with Figure 5.8.
Reaction (1) is also shown on Figure 5.9. Since it
is a fluid-dependent reaction, it cannot be represented
by a single curve in P-T space. Instead, a series of
equilibrium curves represent reaction (1), each curve
corresponding to a different value of Xc02 . Curves for
higher values of Xc02 are at higher temperature than
curves for lower values of Xco2 , with C02 on the high-
temperature side of each curve. The relationship of Xc02
to temperature at a fixed pressure is shown in Figure
5.8A. The stability of calcite + quartz extends to high-
est temperature for Xco2 = 1.0. For values less than
about 0.2, the temperature is dramatically lowered for
252
Figure 5.9 Experimental and calculated locations of rel-
evant reactions in P-T space. Beation numbers correspond
with text.
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small decreases in Xco2 ; that is, the reaction has a
steep slope on a T-XC02 diagram (Figure 5.8A). Another
important property of fluid-dependent reactions, such as
reactions (1) and (3), is that they are curved in P-T
space, resulting mainly from the large compressibility of
the fluid in comparison with the solids (Greenwood,
1967).
Reactions ( 1 ) , ( 2 ) , and ( 3 ) intersect in isobaric
invariant points (Figure 6A) or isothermal invariant
points (Figure 5.8B) which mark the limit of grossular
stability- In P-T space, these three curves also inter-
sect at a point, but the value of Xco2 must be specified.
Examples of such fixed-fluid invariant points are shown
in Figure 5.10, corresponding to different values of
Xco2 . Three characteristics of these fixed-fluid
invariant points are important. First, all fixed-fluid
invariant points lie along the fluid-independent reaction
(2), which is unaffected by variation in fluid compo-
sition. Second, for progressively higher values of Xco2
,
both reactions (1) and (3) occur at progressively higher
temperature. And third, since the P-T curve for reaction
(2) is known, and the locations of P-T curves for reac-
tion (1) at different values of Xco2 are known (Figure
5.9), a specific fixed-fluid invariant point can be
uniquely located by knowing any one of the intensive
parameters P, T, or Xco2 . Furthermore, once one of these
254
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three parameters is specified, the other two are uniquely
determined.
Figure 5.11 is a perspective sketch summarising the
stability of grossular, with quartz present, in three-
dimensional P-T-XC02 space. Reactions (1), (2), and (3)
now appear as truly divariant surfaces. Reaction (2) is
planar, and reactions (1) and (3) are concave toward high
P and high Xco2
. The three reactions intersect along a
univariant curve, Dg, that is contained within the plane
of reaction (2). All previously described isobaric in-
variant points (Figure 6A) , isothermal invariant points
(Figure 5.8B), and fixed-fluid invariant points (Figure
5.10) lie on this univariant curve. Dg forms the keel
for the grossular stability region, which is planar on
the high-T side where bounded by reaction (2), and con-
cave on the low-T side where bounded by reaction (3).
This region is divided by reaction (1) into a narrow
region of grossular+calcite assemblages and a broad re-
gion of grossular+wollastonite assemblages. Reaction (1)
alone slices through the keel into grossular-free space
at lower temperature and higher Xcoa ; the portions of
reactions (2) and (3) below Dg are metastable. Along Dg,
the five-phase assemblage calcite+quartz+wollastonite+
anorthite+grossular is stable
.
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Figure 5.11 S-tability of grossular in P-T-XC02 space.
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Stability of Meionite
In addition to the stability of grossular, Figure
5.8A shows the stability of meionite in T-XC02 space.
Meionite stability in the calcite field is limited by the
fluid-independent reaction:
(4) ME = 3AN + CC.
Meionite is restricted to the high-temperature side of
this reaction (Figure 5.8A). As shown on Figure 5.9,
reaction (4) is at about 865<>C, and is insensitive to
pressure. For isothermal sections chosen at temperatures
below reaction (4), meionite is not stable (as in Figure
5.8B).
In the wollastonite stability field, meionite
stability is limited by the fluid-dependent reaction:
(5) ME + QZ = AN + WO + CO*
,
with meionite restricted to the high-Xco2 side (Figure
5.8A). The stability region of meionite, bounded by
reactions (5) and (6) is shown in a three-dimensional,
perspective sketch in Figure 5.12.
There are remarkable similarities between the
meionite stability region and the grossular stability
region, and also some important differences. As with
grossular, the meionite stability region is bounded on
one side by a fluid-independent reaction, planar in
P-T-Xcoa space, and on the other side by a fluid-
dependent reaction, concave in three dimensions toward
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Figure 5.12 Stability of meionite in P-T-Xeoa space.
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high pressure and high Xco2 . These two reactions, (4)
and (5) respectively, intersect at reaction (1) along a
univariant curve, Ds (Figure 5.12), along which the five-
phase assemblage calcite+quartz+wollastonite+anorthite+
scapolite is stable. The P, T, and Xcoa of points along
this univariant curve can be determined using Figure 5.9
by the intersection of the appropriate reaction (1) curve
with the fluid-independent reaction (4). The minimum
pressure assumed by Ds, at Xco2=1.0, is about 4.8 kb,
below which meionite is not stable for any temperature or
fluid composition.
In opposition to the grossular case, the fluid-inde-
pendent reaction (4) is in the calcite stability field,
and the fluid-dependent reaction (5) is in the wollaston-
ite stability field (Figures 5.8A and 5.12). Another
difference is that meionite is favored by high XC02 ,
whereas grossular is favored by low Xco2 . For this
reason, Figure 5.11 is drawn looking toward high XC02 and
Figure 5.12 is drawn looking toward low Xco2 , as illus-
trated by the inset.
Stability of Grossular+Meionite
The scapolite and grossular stability regions have in
common that they straddle reaction ( 1 ) . This is shown in
Figure 5.13, which combines onto one diagram the meionite
and grossular stability regions of Figures 5.11 and 5.12.
With increasing pressure, the univariant curves Og and Us
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iFigure 5.13 Stability of grossular and meionite at low
to moderate pressure.
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curve toward each other, with Dg increasing in Xco2 and
Os decreasing- Since Og and Ds both lie along reaction
(1), at the pressure for which their values of Xco2 co-
incide, they intersect at an invariant point, I (Figure
5.14). At this point, the six-phase assemblage calcite+
quartz+wollastonite+anorthite+meionite+grossular is sta-
ble. The pressure, temperature, and Xco2 of this invar-
iant point can be determined by the intersection of reac-
tions (2), (4), and (1). Based on Figure 5.9, these con-
ditions are 865<>C, 8.2 kb, and Xcos of approximately
0.45.
At pressures above the invariant point, the grossular
and meionite stability regions overlap, producing a re-
gion in which grossular and meionite are stable together
(Figure 5.14). This region is bounded by three new reac-
tions, involving both grossular and meionite:
(6) ME + CC + QZ = GR + C02
,
(7) ME + WO = GR + QZ + CO2
and (8) ME + QZ = GR + AN + CO2
.
Reaction (6) is stable in the calcite field, reaction (7)
in the wollastonite field, and reaction (8) in both
fields, indifferent to reaction (1). Reactions (6), (7),
and (8) are fluid-dependent, curved surfaces in three
dimensions which together intersect at the invariant
point, I, are metastable at pressures below I, and di-
verge toward higher pressure and slightly lower Xco2 ,
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Xco2
Figure 5.14 Region of scapolite+grossular stability.
See text for explanation.
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bounding a roughly triangular, somewhat curved, inverted
pyramid-shaped region in which grossular+meionite is sta-
ble (Figure 5.14). The four curved lines along the edges
of this region, where divariant reaction surfaces inter-
sect, represent three univariant reactions and a singu-
larity. These are labeled Dc where reactions (3), (4),
(6), and (8) intersect, Dw where reactions (2), (5), (7),
and (8) intersect, and Os' where (1), (6), and (7) inter-
sect. The curve labeled Sg* is a singularity at the in-
different crossing of reactions (1) and (8) not terminal
to either.
Reactions (6) and (8) are concave in the usual sense,
toward high-P, low-T, and high Xcoa . In contrast, re-
action (7) is unusual in the world of fluid-dependent re-
actions, both in its orientation, concave toward low-P,
high-T, and high Xco2 , and in its sense, with COa
produced on the low-T and high-P sides. This is attribu-
ted to meionite's high entropy and molar volume in com-
parison with the low entropy and volume of grossular.
Also, reaction (7) involves only a small amount of C02 so
the reaction thermodynamics are dominated by the solids
.
Reactions (6), (7), and (8) divide P-T-Xcoa space
into regions characterized by different stable mineral
assemblages (Figure 5.14). For a given pressure above
the invariant point, meionite without grossular is stable
at high Xco2
,
grossular without meionite is stable at low
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Xco2
,
and grossular+meionite assemblages are stable at
intermediate Xco2 .
To illustrate the importance of Xcoa in another way,
a series of P-T sections through Figure 5.14 are pre-
sented in Figure 5.15, with values of Xcoa increasing
from A to 6. Arrows show the direction in which the
pressure and temperature along univariant curves change
with increasing Xco*
. The positions of the fluid-
independent reactions (2) and (4) do not change, but
whether they are stable, indicated by solid lines, or
metastable, indicated by dashed lines, is controlled by
the other intersecting reactions.
At relatively low Xco2
,
only the region of grossular
without meionite is stable (Figure 5.15A). As Xcoa in-
creases, Og changes along reaction (2) to higher pressure
and temperature, making the grossular region smaller
(Figure 5.15B). With continued increase in Xco2 , Uc
becomes stable, generating the regions of meionite with-
out grossular, and meionite+grossular. In Figure 5.15D,
these fields have expanded toward lower pressure, further
restricting the field of grossular without meionite. Re-
action (8) extends across reaction (1) and intersects re-
action (2), at the fixed-fluid univariant point Ow. The
two regions of meionite stability, one with calcite and
the other with wollastonite, are separated by the region
of meionite+grossular.
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Figure 5.15 continued
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Further increase in Xco2 expands the two regions of
meionite without grossular, and decreases the regions of
meionite with grossular, and grossular without meionite
(Figure 5.15E). Reactions (6) and (7) intersect along
reaction (1), at Us*. Points on Uc, Uw, Us', and Sg J
move toward lower pressure, and Og moves toward higher
pressure (Figure 5.15F) until the Xcoa of the invariant
point, I is reached (Figure 5.15G). At this point, all
six univariant curves intersect, although only three of
the eight reactions involved are stable in P-T space for
this fluid composition. At Xco2 greater than the invar-
iant point, only scapolite without grossular is stable,
bounded by the univariant curve Os (Figure 5.15H). In
the scapolite stability field, reaction (2) is metastable
for all bulk compositions; in contrast, reaction (4) is
metastable in the grossular stabiity field (Figure 5.15A,
for example) only for quartz-bearing bulk compositions,
and remains stable in quartz-absent rocks
.
To see how increasing Xco2 might affect an individual
rock, a point, X, is indicated on the diagrams in Figure
5.15, which represents a rock at a fixed pressure and
temperature of about 9 kb and 880° C, selected so that it
lies at higher pressure and temperature than reactions
(2) and (4). Its bulk composition lies in the field of
interest, namely the quartz-anorthite-wollastonite region
of the C-A-S composition triangle, and always includes
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quartz and anorthite. At low values of Xco2
, the rock at
X contains garnet without meionite (Figures 5.15A, B, and
C). In Figure 5.15D, X is in the grossular+meionite
field because reaction (8) has crossed it to lower pres-
sure. Notice that in P-T section, the reaction appears
to pass across the rock, rather than the rock crossing
the reaction; that is, the pressure and temperature of
the rock have remained unchanged.
In Figure 5.15F, the assemblage in the rock at X con-
tains meionite without grossular, because reaction (7)
has passed it to lower pressure. Between Figures 5.15F
and 5.15G, reaction (1) crosses X, changing the assem-
blage from meionite+wollastonite to meionite+calcite.
Further increases in XC02
,
up to the limit of 1.0, have
no effect on the rock at X.
The path through P-T-Xco2 space just described
produces the sequence of mineral assemblages: grossular*
wollastonite, grossular+meionite+wollastonite, raeionite+
wollastonite, and meionite+calcite, due solely to in-
crease in Xco2 . The reverse path of decreasing Xco2
would produce the opposite sequence, namely: meionite+
calcite , meionite+wollastonite , meionite+grossular+
wollastonite, and grossular+wollastonite. Rocks at fixed
temperatures and pressures other than X may crystallize
different sequences of minerals along increasing or de-
creasing Xco2 paths.
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Effects of Sodium on the C-A-S System
For the C-A-S system described to this point, garnet
and scapolite have been considered to be calcium end-
members, namely grossular and meionite. In nature, how-
ever, garnet and scapolite form solid solutions which
rarely have such strict end-member compositions. The
main effect of diluting garnet and scapolite with small
amounts of components other than grossular and meionite
is to increase their stability, expanding their stability
regions in P-T-XC02 space. Fortunately, replacing gros-
sular with a solid-solution garnet and meionite with a
solid-solution scapolite does not invalidate the nature
of the reactions and their relative relationships as pre-
sented for the pure C-A-S system, but it does change the
locations and shapes of the reactions in P-T-Xcoa space.
As shown in Figure 5.14, the region of P-T-Xcoa space
in which scapolite+garnet is stable is limited to higher
pressure than the invariant point, I. For the pure C-A-S
system, I is at 865<>C, 8.2 kb, and Xco2 of approximately
0.45. Scapolite of composition Me85 was found experimen-
tally to be stable at 625<>C and 5 kb with calcite and a
more sodic plagioclase (Aitken, 1983) (Figure 5.9). The
stability limit of such a sodium-bearing scapolite is
shown as reaction (4') on Figure 5.16. The point I* , the
point for the sodium-bearing system analogous to invar-
iant point I, can be located by the intersection of re-
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Figure 5.16 Effect of Na in scapolite on mineral as-
semblage at constant P, T> and Xcoa . Rock at X contains
GR+WO+QZ+AN for bulk compositions without sodium, and
reaction (4) is metastable. For bulk composition with
sodium, rock at X contains SCAP+WO+QZ+AN.
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action (4') with reaction (2), giving a maximum for Me85
of about 6250C and 2.8 kb. Thus the effect of adding
NaaO to the system is to dramatically shift the reactions
shown in Figure 5.14 to lower pressure, lower tempera-
ture, and lower Xco2 than in the sodium-free system.
To illustrate the effect of sodium on the mineral
assemblage, Figure 5.16 shows a P-T diagram at fixed Xco2
on which two sets of curves are superimposed. One set of
curves is for the sodium-free system, and the other in-
cludes sodium-bearing scapolite. In the calcic end-mem-
ber system, reactions (2) and (3) and point Og are sta-
ble, and reaction (4) is metastable. A rock at the point
labeled X would contain grossular+wollastonite without
meionite. For a slightly sodic bulk composition, reac-
tions (4') and (5') are stable, and reactions (2) and (3)
are metastable. In this case, the scapolite stability
field covers a large part of the P-T diagram, oblitera-
ting the grossular field. The rock at X would contain
scapolite (Me85)+wollastonite . This demonstrates that
two rocks, or even two parts of the same rock at iden-
tical P, T, and Xco2 but slightly different concen-
trations of NaaO can have different mineral assemblages.
The increased stability of sodium-bearing scapolite
is shown in Figure 5.17 on T-Xco2 and P-Xco2 diagrams, at
conditions similar to the diagrams for the sodium-free
system shown in Figure 5.8. In particular, sodium sta-
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bilizes the region of grossular+scapolite, which is not
stable at these pressures and temperatures in the sodium-
free system.
The diagrams in Figure 5.17 were drawn for scapolite
with a meionite activity of 0.5. Unfortunately, activ-
ity-composition relationships for scapolite are not well
known. Goldsmith and Newton (1977) derived an empirical
plagioclase-scapolite geothermometer based at the high-
temperature end on their experiments, and on the low-
temperature end by a natural scapolite-plagioclase assem-
blage reported by A.B. Thompson which he estimated to
have equilibrated at 700°C. Applying their thermometer
to the mineral compositions of the present study (Table
5.1) gives estimates of 830 to 910<>C (Figure 5.18),
assuming that the scapolite was in equilibrium with
An98.2 plagioclase, and that most of the scapolite anions
are CO* , neither of which has been documented. Adding to
the uncertainty, this is at the low-temperature end of
the geothermometer, which is not well calibrated- There-
fore, the results shown in Figure 5.18 may have little
meaning
.
The System C-A-M-S
In the foregoing discussion, all garnets have been
considered to be end-member grossular. In the studied
rock, however, the garnet is only about 90% grossular,
with 10% other components, represented by the general
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Figure 5.18 Temperature estimates using the scapolite-
plagioclase thermometer of Newton and Goldsmith (1977).
Diagram constructed for plagioclase composition of
An(98.2).
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component MgO* (Table 5.2). As in the case of sodium
dilution of meionite, 'the effect of diluents in garnet is
to expand the grossular stability region, lowering the
pressure at which Og is stable (Figure 5.11). But adding
MgO* to garnet introduces a complication not present in
the scapolite case, namely the stability of another
phase, diopside. The fact that diopside is present
throughout the studied rock (Figure 5.4), means its
possible involvement in garnet-producing reactions must
be considered.
Chemography
Figure 5.19A shows chemographic relations in the the
Ca0-Al2 03 -Mg0*-Si02 -C02 system, using a C-A-M-S
tetrahedron projected from a CO2 -bearing fluid. The
phases calcite
,
quartz , wollastonite , anorthite
,
diop-
side, and garnet are shown, using the mineral formulas
listed in Table 5.2. Garnet is the only phase in this
chemographic scheme with significant solid solution. All
phases of interest except some of the garnets fall within
the four-phase volume quartz-calcite-anorthite-diopside
.
Garnet compositions lie along a line parallel to the
MgO*-CaO edge which extends from almandine-pyrope garnets
on the MgO*-Al2 03 -Si02 face through the tetrahedron to
grossular on the CaO-AlaOa -SiOa face. This line of
garnet compositions pierces the calcite-anorthite-
diopside plane at 5/6 of the grossular end-member, with
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Si0
2
B. QZ PROJECTION C. ANORTHITE PROJECTION
Figure 5.19 Chemography of the C-A-M-S system. A. Tet-
rahedron showing line of garnet comositions parallel to
(Fe f Mg)0 - CaO side line and on the quartz-poor side of
DI-AN-WO plane. B. Quartz projection- C. Anorthite pro-
jection. Almandine and pyrope plot outside the triangle,
at -1/3 (Ca0-Al2 03). Numbers indicate percent grossular
content for significant garnet compositions.
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calcium-richer garnets inside the volume and calcium-
poorer garnets outside. The plane containing the line of
garnet compositions is at lower silica content than the
diopside-anorthite-wollastonite plane
.
Figures 5.19B and 5.19C graphically display two
projections of phases in the C-A-M-S system onto
three-component diagrams. The first projection (Figure
5.19B) is from quartz onto the CaO-Ala Oa -MgO* base of the
tetrahedron- A quartz projection has the advantage of
showing relations between the full range of garnet
compositions and anorthite, diopside, and either calcite
or wollastonite, without distorting CaO contents. A
serious disadvantage is that it projects the plane of
higher-silica phases diopside, anorthite, and wol las-
tonite onto the line of lower-silica garnet compositions.
Consequently, the intersection of the line of garnet
compositions with the calcite-anorthite-diopside plane is
not displayed
.
The second projection is from anorthite onto the
plane CaO-MgO*-Si02 (Figure 5.19C). Anorthite projection
clearly distinguishes garnets inside the quartz-calcite-
anorthite-diopside volume from those outside, but it
projects calcium-poor garnets outside the triangle, mak-
ing it difficult to directly read true garnet composi-
tions. Several specific garnets are indicated in Figures
5.19B and 5.19C by numbers which refer to the mole per-
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cent grossular. The garnet with an XCa of 2/3, or 67% of
the grossular end-member, lies on the quartz-diopside-
anorthite plane, at lower silica than the diopside-
anorthite tie line. The garnet with an Xc» of 5/6, or
83% of the grossular end-member, lies on the diopside-
calcite-anorthite plane. The garnet with an Xca of 1.0,
or 100% grossular, is inside the quartz-anorthite-calcite
triangle and the wollastonite-anorthite-calcite triangle
of the C-A-S system.
In this discussion, the following terminology is
used: Garnets of specific composition are indicated by
the percentage of grossular end-member in parentheses.
For example, garnet (83) is the garnet with 83% grossular.
In the general case, where its composition is less than
100% grossular but unspecified, a solid-solution garnet
is referred to as garnet (ss), or just garnet. A garnet
with less than 67% grossular component is referred to as
a calcium-poor garnet, a garnet with greater than 67%
grossular is a calcium-rich garnet, and the name gros-
sular is reserved for garnets with 100% grossular.
Once again, based on the mineralogy of the studied
rock, the main interest is in quartz-bearing assemblages.
Because calcite and wollastonite are not both stable with
quartz in the general case, phase relationships with
quartz+calcite stable will be considered independently
from phase relationships with wollastonite stable. The
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system in which quartz+calcite is stable will then be
integrated with the system in which wollastonite is sta-
ble to see how they together restrict the stability of
garnet over the range of P, T, and Xco2 conditions
.
Garnet-Producing Reactions with Quartz+Calcite Stable
Figure 5.20 represents phase compatibilities at
different pressures and temperatures by using an array of
anorthite projections in P-T space at fixed Xcoa . This
grid has been constructed by analyzing the effect of
three continuous reactions
, ( 9) , ( 10 ) , and ( 12 ) , which
control the composition and stability of calcium-rich
garnets. These reactions are represented in anorthite
projection by three-phase triangles which are numbered on
the figures to correspond with the text. The interaction
between the continuous reactions produces a discontinuous
reaction curve (14), below which calcium-rich garnet is
not stable with quartz. The nature of this discontinuous
curve changes along its length at three invariant points.
Continuous reactions
.
The composition of the
particular garnet in equilibrium with quartz+calcite is
controlled by the continuous reaction:
(9) QZ + CC + AN + Ca-poorer GAR - Ca-richer GAR + C02 .
This is a fluid-dependent reaction, favored by increasing
temperature. As this reaction proceeds, the composition
of the garnet in the quartz-calcite-garnet triangle be-
comes more calcic. This is shown in compatibility tri-
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Figure 5.20 Petrogenetic grid at fixed Xcoa for reac-
tions involving calcic garnet with calcite+quartz stable.
Phase compatibilities are indicated by anorthite projec-
tions (Figure 5.19C). Inset shows phase compatibilities
for the three invariant points. Continuous reactions
indicated by numbered triangles in anorthite projections
.
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angles A, B, and C across the top of Figure 5.20. At the
line marked 100 that separates triangles C and D, the
garnet composition reaches end-member grossular. On the
high-temperature side of this line, represented by tri-
angle D, quartz+calcite(+anorthite) is not stable, re-
placed by quartz+grossular or grossular+calcite. This
line is reaction (3) in the C-A-S system described above,
for a garnet of 100% grossular, which marks the limit of
continuous reaction ( 9 )
.
The progress of reaction (9) can be represented in
P-T space by a series of isopleths of the composition of
garnet in the quartz+calcite+garnet+anorthite assemblage
.
These isopleths are parallel to reaction (3), with garnet
composition becoming less calcic toward lower tempera-
ture, as shown by the long-dashed lines in Figure 5.21.
The second continuous reaction that controls the
composition of garnet is:
(10) DI + GAB + AN = QZ + GR(67)-richer GAR.
This is a fluid-independent reaction which favors garnet
over diopside+anorthite at higher pressure. In anorthite
projection, there are two quartz-diopside-garnet tri-
angles, one with a calcium-rich garnet and the other with
a calcium-poor garnet, labeled 10 and 10', respectively
in Figure 5.20. As pressure increases, the compositions
of these garnets converge as shown by compatibility tri-
angles H, G, F, and E up the right side of Figure 5.20.
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Figure 5.21 Reaction curves and garnet isopleths for
reactions involving garnet, with calcite+quartz stable.
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At -the line labeled 67 between -triangles E and D, the
garnets in these two "triangles" meet at 67% grossular,
and garnet, diopside, and quartz become colinear. This
limiting case of continuous reaction (10) is the dis-
continuous reaction:
(11) DI + AN = QZ + GAH(67).
At higher pressures than this reaction, diopside is not
stable in anorthite projection, replaced by garnet*
quartz
.
Like reaction (9), reaction (10) can be represented
by isopleths of garnet composition in the quartz*
diopside+garnet+anorthite assemblage. Such isopleths are
drawn in Figure 5.21 in thin solid lines for the calcium-
rich garnet. Isopleths for the calcium-poor garnet,
triangle 10' on Figure 5.20, are not of direct interest
to the present study, but have been calibrated by Newton
and Perkins (1982). Newton and Perkins suggested their
barometer not be applied to garnets with over 40% gros-
sular because of the uncertain effect of composition on
stability for such garnets.
The third continuous reaction shown on Figure 5.20
involves the assemblage diopside+calcite+garnet+anor-
thite, without quartz. The reaction is:
(12) CC + DI + AN + GAR = GAR( 83) -richer GAR + COa .
This is a fluid-dependent reaction which favors garnet
over diopside+calcite+anorthite at higher temperature.
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Compatibility triangle K (Figure 5.20) shows two diop-
side-calcite-garnet triangles, one for garnet more calcic
than garnet (83), and the other less calcic. As. reaction
(12) proceeds with increasing temperature, garnets in the
two triangles converge, shown by triangle J. At the line
marked 83, between triangles J and H, the garnets of the
two "triangles" meet at garnet ( 83) , colinear with diop-
side, calcite, and anorthite. This limiting case of the
continuous reaction (12) is the discontinuous reaction:
(13) DI + CC + AN = GAH(83) + C02
.
At temperatures above this line, diopside+calcite is not
stable with anorthite, replaced by diopside+garnet or
garnet+calcite, depending on bulk composition.
Isopleths for the more calcic garnet in the reaction
(12) assemblage are shown by short-dashed lines in Figure
5.21. This reaction only occurs at low pressures over a
narrow temperature range. Isopleths for triangle 12' are
not shown
.
The five-phase discontinuous reaction. At high
temperature and pressure, the garnet in the reaction (9)
assemblage is more calcic than the garnet in the reaction
(10) assemblage. The anorthite projection L in Figure
5.20 shows one example. Other examples may be drawn
based on the garnet isopleths in Figure 5.21. As pres-
sure and temperature decrease , the garnet in reaction ( 9
)
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becomes less calcic and the garnet in reaction (10) be-
comes more calcic. As these reactions proceed, the range
of garnet composition in quartz-garnet assemblages nar-
rows between the reaction (9) and (10) garnets. Where
isopleths of identical composition in Figure 5.2i inter-
sect, reactions (9) and (10) are in equilibrium with the
same garnet, creating the five-phase assemblage quartz+
diopside+garnet ( ss )+calcite+anorthite . This five-phase
assemblage in four-component space is stable along the
fixed-fluid univariant curve 14 in Figures 5.20 and 5.21.
The reaction along this curve may be represented by
the general equation:
(14) AN + (3-3x)DI + (4-6x)C02
- GAR(x) - (4-6x)CC -(5-6x)QZ = 0
where x is the mole proportion of grossular in garnet.
The composition of the garnet in the reaction (14)
equilibrium assemblage is given for any point by the
intersecting isopleths of reactions (9) and (10) (Figure
5.21). This means that the percentage of grossular com-
ponent in garnet changes as shown by numbered points
along reaction (14). As the garnet composition changes,
the coefficients of the other phases change accordingly
to maintain balance of the equation. The diagram in
Figure 5.22 shows the coefficients along reaction (14)
for any given garnet composition. This diagram shows
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Figure 5.22 Illustration of reaction (14).
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that reaction (14) can be divided by garnet composition
into three segments—A, B, and C—according to whether
calcite and quartz are reactants or products.
For calcium-poor garnets, the reaction is of the
form:
(14A) DI + AN + C02 = GAR + QZ + CC
in which quartz and calcite are both products. Reaction
(14A) is illustrated in Figure 5.22 by anorthite pro-
jections below, on, and above the reaction. They show
that for calcium-poor garnet, diopside lies inside the
quartz-garnet-calcite triangle.
As grossular content increases along reaction (14),
the amounts of diopside and CO2 consumed and quartz and
calcite produced all decrease (Figure 5.22). At the
composition of garnet (67), calcite crosses from a product
to a reactant. For compositions between garnet (67) and
garnet(83), reaction (14) takes the form:
(14B) DI + CC + AN = GAR + QZ + COa
.
For this segment of reaction (14), the garnet involved
lies between the quartz-diopside and diopside-calcite
composition lines in anorthite projection. Across reac-
tion (14B), the diopside-calcite tie line is replaced by
the quartz-garnet tie line shown by the middle tier of
anorthite projections in Figure 5.22.
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For garnets more calcic -than garnet (83), calcite and
quartz are both reactants, and reaction (14) becomes:
(14C) DI + AN + QZ + CC = GAR + CO2
.
For this case, the garnet lies on the calcic side of the
diopside-calcite tie line, inside the diopside-calcite-
quartz three-phase triangle. Garnet divides this three-
phase triangle into a calcite-quartz-garnet triangle, a
quartz-diopside-garnet triangle, and a diopside-calcite-
garnet triangle. Garnet compositions in these three tri-
angles are controlled by continuous reactions (9), (10),
and ( 12 ) , respectively
.
The change in shape along the segments of reaction
curve (14) in P-T space at fixed Xco2 (Figures 5.20 and
5.21) is influenced largely by the amount of CO2 in-
volved. Normally, the side of a reaction with CO2 is
favored by high temperature. The garnet composition vs.
coefficient diagram of Figure 5.22 illustrates that for
calcium-poor garnets, CO2 is on the diopside+anorthite
side of reaction (14), and for calcium-rich garnets, CO2
is on the garnet side. This suggests that garnet is on
the low-temperature side of reaction (14A) and the high-
temperature side of (14B) and (14C), so reaction (14)
attains a maximum pressure and curves through horizontal
at approximately garnet (67). While the amount of CO2 in
the reaction is 0 precisely at garnet (67), the maximum
pressure attained by reaction (14) is not exactly at
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garnet (67) because properties of the solids also influ-
ence the shape of the curve. In fact, the influence of
the solids over the fluid is greatest near this point,
where the amount of calcite and CO2 involved is near zero
(Figure 5.22).
Invariant points. There are three fixed-fluid in-
variant points along reaction (14). The degree of
freedom is reduced at these points in relation to the
rest of reaction (14), not by the addition of another
phase to the mineral assemblage, but by colinearities
between a specific garnet and two other phases, reducing
the number of components necessary to describe the reac-
tion. At each fixed-fluid invariant point, one of the
five phases is not involved in reaction (14), although
all five are in equilibrium. The uninvolved phases, in-
dicated by coefficients of 0 (Figure 5.22), are calcite
at I67C, quartz at las, and diopside at Iiooc. Anorthite
projections are shown for each of these fixed-fluid in-
variant points in the inset at the bottom of Figure 5 . 20
.
At point I67C, quartz, diopside, and garnet(67) are
colinear and coexist with the extra phase calcite (Figure
5 . 20 , inset ) . The assemblage quartz+calcite+garnet ( 67 )
is stable, so this point must lie on the 67 isopleth of
reaction (9). Reaction (9) is metastable at pressures
below this point, because the assemblage quartz+calcite+
garnet is barred by the diopside-calcite tie line (Figure
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5.20, triangles M and N). I6 7C must also be on reaction
(11), the only place where the assemblage garnet (67)+
quartz+diopside is stable. Reaction (11) is metastable
at temperatures below this point, because garnet (67) is
not stable (Figure 5.20, triangles A and N).
The relationship of I6 7C to reaction (14) has several
interesting aspects. By definition, 167C separates seg-
ment (14A) from segment (14B). Along both segments, the
five-phase assemblage diopside+anorthite+calcite+quartz+
garnet is stable. This is only possible where diopside
is stable, namely, at pressures below reaction (11).
Therefore, given that reactions (14A) and (14B) are con-
tinuous, and that 16 7C lies on reaction (11), and that
(14A) and (14B) are both restricted to the low-pressure
side of reaction (11), reaction (11) must be tangent to
reaction (14) at I67C (Figure 5.20). The slope of re-
action (14) at this point is given by the equilibrium
curve for reaction (11). This is shown on the P-T dia-
gram of Figure 5.9, calculated from the equations given
by Newton and Perkins (1982), and has a positive slope.
Therefore, the part of reaction (14B) near I6 7C also has
a positive slope, with COz on the low-temperature side.
The isopleths for reaction (10) have been drawn
schematically in Figure 5.21 as closely spaced at high
pressure and widely spaced at low pressure. This is
known to be the case from the work of Newton and Perkins
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(1982) for the calcium-poor side of reaction (10), in-
dicated on Figures 5.20 and 5.23 by triangles marked 10',
and is probably also true for the calcium-rich garnets
illustrated here. In fact, it may well be that the re-
action (10) isopleths from about 90 to 80 cover the en-
tire range of pressures sampled at normal middle- to
upper-crust levels. The possibility of extreme sensi-
tivity to garnet composition makes this reaction attrac-
tive as a geobarometer , but also amplifies the problem of
not knowing precise garnet composition-stability rela-
tionships.
The second fixed-fluid invariant point along reaction
(14), labeled Is 3 (Figures 5.20 and 5.21), is where diop-
side, garnet, and calcite are colinear and the garnet is
83% grossular. These three phases coexist with the extra
phase quartz (Figure 5.20, inset). The coexistence of
diopside, calcite, anorthite, and garnet (83) requires
that las lies on reaction (13). In addition, both
reaction segments (14B) and (14C) can only exist where
the diopside-calcite tie line is stable (Figure 5.22),
namely, on the low-temperature side of reaction (13).
Therefore, by similar argument to the I6 7C tangent,
reaction (13) is tangent to reaction (14) at the point
la 3. The garnet (83) isopleths for continuous reactions
(9) and (10) terminate at this point (Figure 5.21).
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The third fixed-fluid invariant point, labeled Iiooc,
is where quartz, calcite, and grossular are colinear, and
coexist with the extra phase diopside (Figure 5.20,
inset). This point is located where reaction (3)
intersects reaction (14). To the high-temperature side
of reaction (3), grossular stability prohibits the
coexistence of quartz and calcite with anorthite, and
reaction (14) ends. Unlike the other two invariant
points, liooc is terminal to reaction (14). Reaction (3)
continues stably through liooc to lower pressure and
temperature
.
The importance of the fixed-fluid P-T grid (Figure
5.20) just described is that it shows regions in which a
given mineral assemblage is stable and the reactions
which bound those regions. For example, the assemblage
quartz+calcite+garnet+anorthite is restricted to the
convex side of reaction (14) and the low-temperature side
of reaction (3). If the condition is added that diop-
ide+anorthite also be stable in less calcic bulk compo-
sitions, conditions are further restricted to the low-
pressure side of reaction (11). This three-sided region
is outlined by dots in Figure 5.20. For quartz, calcite,
diopside, anorthite, and garnet all to coexist, condi-
ions must be on the fixed-fluid univariant curve (14).
If the composition of garnet in any of these assemblages
is specified, conditions within these regions can be
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specified much more precisely, as indicated by the iso-
pleths in Figure 5.21.
Effect of fluid composition. Of the three continuous
reactions shown in Figures 5.20 and 5.21 which control
the calcium-rich garnet compositions and assemblages,
reactions (9) and (12) are fluid-dependent, and reaction
(10) is fluid-independent . This means that the positions
of isopleths related to reactions (9) and (12), indicated
by long-dashed lines and dotted lines in Figure 5.21,
change independently toward higher temperature with
increasing Xco2 . By contrast, isopleths related to
reaction (10), indicated by short-dashed lines on Figure
5.21, are fixed in pressure and temperature, unaffected
by changes in Xcoa . Reaction curve (14) must also move
to higher temperature with increasing Xco2 as dictated by
the positions of reactions (9) and (12), since they are
connected as shown in Figure 5.20 and described above.
But since each point along reaction (14) is also defined
by a reaction-(lO) isopleth (Figure 5.21), each point on
reaction (14) must remain on the appropriate isopleth of
reaction (10) as the curves "slide" to higher tempera-
ture at higher Xco2 .
Garnet-producing Reactions with Wollastonite Stable
Figure 5.23 is a P-T diagram similar to Figure 5.20,
but with wollastonite stable and not quartz+calcite. In
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this case there are two continuous reactions, (10) and
(15) which control the composition and stability of
calcium-rich garnets. The interaction of these two
reactions produces a discontinuous reaction involving
five phases, below which calcium-rich garnet is not
stable with quartz. Two invariant points lie along this
discontinuous reaction.
Continuous reactions
.
The composition of the garnet
in equilibrium with quartz+wollastonite is controlled by
the continuous reaction:
(15) QZ + GAR = WO + AN + Ca-poorer GAR.
As this reaction proceeds toward higher temperature the
garnet in the quartz-wollastonite-garnet triangle becomes
less calcic, as shown by triangles P, Q, and R across the
top of Figure 5.23. The limit for this continuous reac-
tion, when the garnet is 100% grossular, is along the
line labeled 100 between triangles P and D (Figure 5.23).
Along this line, the reaction does not include any MgO*-
bearing phases, so it is reaction (2) of the C-A-S sys-
tem. Wollastonite with anorthite is restricted to the
high-temperature
,
low-pressure side of this line . On the
low-temperature, high-pressure side, quartz+grossular is
stable instead. Wollastonite is still stable in approp-
riate anorthite-absent bulk compositions, but it does not
appear in anorthite projection
.
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Isopleths of garnet in equilibrium with reaction (15)
are represented by dashed lines in the P-T diagram of
Figure 5.24.
For the case in which wollastonite is stable, the
second continuous reaction involved is reaction (10), the
same reaction as in the case where quartz+calcite is
stable (Figure 5.20). The change in garnet composition
due to reaction (10) is shown by the sequence of com-
patibility triangles D, E, G, and H down the low tem-
perature side of Figure 5.23. The isopleths for this
reaction are shown by thin solid lines in Figure 5.24.
The five-phase discontinuous reaction. Isopleths for
reactions (10) and (15) intersect at discontinuous reac-
tion (16), along which the five-phase assemblage quartz*
diopside+wollastonite+anorthite+garnet is stable. Reac-
tion (16) is divided into two segments by the invariant
point I67W into segment (16A) in equilibrium with cal-
cium-poor garnets, and segment (16B) in equilibrium with
calcium-rich garnets. These reactions have the form:
(16A) DI + AN = WO + GAB + QZ,
and (16B) DI + AN + WO = GAR + QZ.
For reaction (16A), diopside plots inside the wollaston-
ite-garnet-quartz triangle in anorthite projection (Fig-
ure 5.25). The discontinuous reaction marks the appear-
ance of a phase, namely diopside. For reaction (16B),
involving calcium-rich garnet, the diopside-wollastonite
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Reaction 10 isopleth
Reaction 15 isopleth
I-ioow
Figure 5.24 Reaction curves and garnet isopleths for
reactions involving garnet, with wollastonite stable
.
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REACTION 16A:
DI + AN WO + GAR + QZ
REACTION 16B
DI + AN + WO GAR + QZ
Figure 5.25 Anorthite projections for discontinuous
reaction ( 16 )
.
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tie line is stable on the low-pressure side of the reac-
tion, and the quartz-garnet tie line is stable on the
high-pressure side (Figure 5.25).
Invariant points. The two invariant points along
reaction (16) are of the same type as the points along
reaction (14). In anorthite projection, each is at a
particular garnet composition colinear with two of the
other four coexisting phases. At I6 7W, garnet (67) is
colinear with diopside and quartz, with the extra phase
wollastonite (Figure 5. 23, inset) . Reaction (11) is
tangent to reaction (16) at this point (Figures 5.23 and
5.24). Reaction (11) is metastable on the high-temper-
ature side of IB7W.
End-member grossular is colinear with quartz and
calcite, and they all coexist with the extra phase
diopside at Iioow (Figure 5.23, inset). Reaction (2)
passes stably through this point, but reaction (16) and
the garnet(lOO) isopleth of reaction (10) end there.
In the case where wollastonite is stable, quartz
coexists with calcium-rich garnet only on the high-
pressure side of reaction (16) (Figure 5.23). The
triangular region bounded by reactions (2), (11) > and
(16), indicated by dots on Figure 5.23, is the only
region in which a calcium-rich garnet may coexist with
wollastonite+quartz and another calcium-rich garnet may
coexist with diopside+quartz (Figure 5.23, triangle S).
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Quartz, wollastonite, diopside, anorthite, and calcium-
rich garnet only coexist on reaction (16B). Figure 5.24
shows that if the garnet composition in these assemblages
is known, pressure and temperature can be specified more
precisely
.
Effect of fluid composition. None . Reactions ( 2 )
,
(10), (11), (15), (16A), and (16B) are all fluid-indepen-
dent reactions. Their positions in P-T space are unaf-
fected by differences in Xcoa . Reactions (2) and (11)
have been calibrated (Figure 5.9). Unfortunately, the
spacing of isopleths on Figure 5.24, which in turn deter-
mines the position of reaction (16), depends greatly on
the poorly-known mixing properties of grossular and non-
grossular components in calcium-rich garnet.
Relationship between Reactions with Calcite+Quartz
Stable and Reactions with Wollastonite Stable
Reaction (10) is common to Figure 5.20, with calcite+
quartz stable, and to Figure 5.23, with wollastonite sta-
ble, so the two systems may be joined along this common
reaction. The system of reactions with calcite+quartz
stable (Figure 5.20) must be at lower temperature than
the system of reactions with wollastonite stable (Figure
5.23), as required by reaction (5.1) (Figure 5.9). The
calcite+quartz and wollastonite systems are combined in
P-T diagrams in Figure 5.26, represented by selected
reactions from Figures 5.20 and 5.23. Isopleths for
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reaction (10) (not shown) would be approximately parallel
to reaction (11) and connect each point on reaction (14B)
or (14C) with the point on reaction (16B) with the same
garnet composition.
As discussed above, the pressure and temperature of
reactions in the calcite+quartz system are dependent on
fluid composition, while the pressure and temperature of
reactions in the wollastonite system are not. Therefore,
each of the diagrams in Figure 5.26 must be drawn for a
single fluid composition. At very low values of Xcoa
(Figure 5.26A), the calcite+quartz reactions are removed
to low temperatures, and do not intersect the reactions
involving wollastonite. At progressively higher values
of XC02 , the calcite+quartz system of reactions and
reaction (1) are at progressively higher temperatures,
interacting with the wollastonite system (Figures 5.26B,
5.26C, and 5.26D).
The two dotted regions in Figure 5.26 indicate the
conditions where (a) calcium-rich garnet may coexist with
anorthite+quartz and either calcite (at lower temperature
than reaction 1), or wollastonite (at higher temperature
than reaction 1); and (b) diopside+anorthite is stable in
less calcic bulk compositions. Between the dotted re-
gions is an area, labeled "grossular", where grossular+
anorthite+quartz is stable, but neither with calcite nor
wollastonite (Figure 5.26).
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At low Xcoa (Figures 5.26A, and 5.26B), the dotted
regions are completely separated by the "grossular" area.
At higher Xco2 (Figure 5.26C) the dotted regions abut
along part of reaction (1). Along this portion, of reac-
tion (1), the assemblage anorthite+quartz+garnet(ss)+
calcite+wollastonite is stable, with the equilibrium
garnet becoming increasingly calcic from the intersection
of reactions (14) and (16) to the vertex of the "gros-
sular " region
.
At still higher values of Xco* (Figure 5.26D), the
"grossular" region is off the top of the diagram, at
higher pressure than reaction (11)- This region may
still be stable, but not under conditions where diopside
and anorthite coexist. The dotted regions at this fluid
composition are restricted to a narrow range of tem-
perature, pressure, and garnet composition.
Based on the relationships illustrated in Figure
5.26, a few important characteristics of this system may
now be summarized:
1. In assemblages containing quartz, anorthite, and
either calcite or wollastonite or both, the stability
region of garnet (ss) forms an envelope (dotted region)
around the stability region of grossular (Figure 5.11);
2. The outer boundary of this envelope is along re-
actions (14) and (16), where diopside is added to the
assemblage;
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3. Within the envelope, the calcium content of the
garnet decreases outward from the "grossular" region,
both toward lower temperature (away from reaction 3), and
toward higher temperature (away from reaction 2); and
4. The intersection of reactions (14) and (16) forms
a fixed-fluid invariant point (Iiooc on Figure 5.26B;
Isocw on Figure 5.26C; Iaocv on Figure 5.26D). At this
point , the stable assemblage includes quartz , anorthite
,
calcite , wollastonite
,
diopside , and garnet ( ss ) . The
composition of this garnet is uniquely determined by the
fluid composition, with progressively less calcic garnets
at higher values of Xco2
.
Interpretation of the Mfttamnrphic Path
Textural relationships in the studied thin section
combined with the chemical relationships established
among the phases suggest the following reactions oc-
curred . First
,
(4') PLAG + CC = SCAP
occurred in certain parts of the rock. This was followed
by
(1) CC + QZ = WO + C02 ,
as indicated by wollastonite enclosing scapolite (Figure
5.6). The following three reactions then occurred, with
their relative ages uncertain from textural relation-
ships :
308
(7' ) SCAP + WO = GAR + QZ + COa
(16B) DI + AN + WO = GAR + QZ
(14C) DI + AN + QZ + CC = GAR + COa
.
And the following reactions did not occur, as indicated
by the common coexistence of the reactants
.
(3) CC + AN + QZ = GR + CO2
(8* ) SCAP + QZ = GAR + AN + CO2
A continuous path which accounts for this sequence of
reactions is illustrated in Figure 5.27. Beginning in
the lower left corner of the diagram , at relatively low
temperature and pressure, the rock consists of anorthite,
quartz, calcite, and diopside. In the early portion of
the path, indicated by a dashed line, Xco2 in the rock is
greater than the Xco2 of reaction (1) so that wollaston-
ite is not produced. The first reaction encountered is
reaction (4'), which stabilizes sodium-bearing scapolite.
Only the localized portions of the rock containing sodium
are affected by this reaction.
After scapolite is formed, the rock path intersects
reaction (1), producing wollastonite. This is indicated
in Figure 5.27 by a solid line rock path. Wollastonite
may form for one of two reasons: either the Xco2 of the
rock is constant and the rock path encounters the appro-
priate fluid contour of reaction (1), or at some point
along the path the Xco2 in the rock drops to the value of
reaction (1). Two observations may favor the option of
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Figure 5.27 Proposed path of "the studied rock in P, T f
and XC02 . Path is based on the sequence of reactions
shown. See text for discussion.
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decreasing Xcoa in the rock. One is the distribution of
wollastonite. The wollastonite-bearing regions form a
patchy, dendritic, largely interconnected network through
the rock (Figure 5.4). This may represent the fluid
pathways along which Xcoa was locally lowered, either by
escape of C02 or influx of H2O from the surrounding
schist. This interpretation could also account for the
wollastonite-covered fracture in the hand specimen, along
which Xco2 might have been relatively low.
The second observation suggesting a decrease in Xcoa
is the garnet rim around the scapolite included in wol-
lastonite (Figure 5.6). The sequence of scapolite , then
wollastonite, then garnet inferred from the textural re-
lationship is exactly what would be produced in the rock
at X in Figure 5.15 by decreasing XC02 from Figure 5.15G
through Figure 5.15F to Figure 5.15E.
If such a drop in Xco2 did occur, it was not suf-
ficient to drive reaction (1) to completion, because the
assemblage calcite+quartz is still present. It is sug-
gested that for the remainder of the path, fluid com-
position was internally controlled by the reaction assem-
blages .
As pressure and temperature increased, the rock
remained on reaction (1), by buffering of the fluid
composition, until reaction (16B) was encountered (Figure
5.27). The relationships presented in the previous sec-
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tion (Figure 5.26) require that the intersection of re-
actions (1) and (16B) must also be at the endpoint of
reaction (14C), and the rock therefore lies at the vertex
of a garnet envelope (dotted region of Figure 5.26). At
this point, reactions (14C) and (16B) simultaneously
produce garnet from anorthite+calcite+quartz and from
wollastonite+diopside+anorthite, respectively. This
combination has the curious result of simultaneously
consuming quartz (by reaction 14C) and producing quartz
(by reaction 16B) in different parts of the rock.
At this point, exactly on reactions (1), (14C), and
(16B), all the minerals of the rock have been produced.
It seems unlikely, however, that the peak pressure and
temperature achieved for this rock would lie exactly at
this point. It seems more likely in the general case
that the path continues through this point, following
reaction (1) into the "dotted region" of Figure 5.26. In
this region, diopside is no longer part of the equi-
librium assemblage. This is suggested in thin section by
the nearly continuous rims of garnet which surround diop-
side, which could effectively isolate it from the reac-
ting assemblages.
As the rock proceeded along reaction (1) in the
dotted region, reactions (14C) and (16B) both produced
garnets of identical composition. As the pressure and
temperature (and as a result Xco2 ) increased, the garnet
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became more calcic until the path happened to reach the
GAR(90) isopleth (Table 5.1), where reaction stopped
(Figure 5.27).
Estimates of P. T. and Xco2
A counterclockwise P-T path for this rock is required
by the relative positions of reactions (4*) and (16B)
(Figure 5.27). This agrees with previous interpretations
based on politic schists in the area (Figure 5.2).
The peak temperature and pressure are interpreted to
have been on the 6AR(90) isopleth of reaction (15)
(Figure 5.27). The position of this isopleth is not
known precisely, but it must be to the high-temperature,
low-pressure side of reaction (2), which is shown on the
P-T diagram in Figure 5.9. Assuming peak pressures of 6
kb from previous work (Figure 5.2), this gives a peak
temperature of about 760°C minimum, and probably somewhat
greater, reasonably close to previous estimates. If the
sample of this study records lower pressures, then lower
temperatures would be allowed.
The temperature required for reaction (4') varies
dramatically with scapolite composition, and is not well
known. The estimates from Goldsmith and Newton's (1982)
geothermometer (Figure 5.18) of over 800<>C seem too high
for the following reason. If the interpretation of
Figure 5.27 is correct, the Xco2 of the rock must be
higher than reaction (1) until after reaction (4') is
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crossed. At 800<>C, this would require an Xc02 greater
than about 0.4, probably too high for this rock.
If peak conditions were about 5 to 6 kb and 700 to
750 °C, then fluid compositions were probably in the
range of 0.2 to 0.3, estimated from the intersection of
reactions (1) and (2) (Figure 5.9).
This study independently supports the counterclock-
wise P-T path recognized by previous workers. Pressure
and temperature estimates are consistent with previous
work, but temperatures from this rock could be somewhat
higher. Further theoretical and experimental work to
calibrate the reactions and isopleths which constrain the
rock path will allow more precise estimation of intensive
parameters
.
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CHAPTER 6
CONCLUSIONS
1. The stratified rocks of the Brimfield-Sturbridge
area are divisible into pre-Silurian basement rocks, here
named the Leadmine Pond Gneiss, and Silurian cover rocks.
The Leadmine Pond Gneiss includes igneous gneisses and
thin, mappable units of metamorphosed sedimentary rock.
It is lithically similar and may correlate with the
Nashoba Formation in eastern Massachusetts, the Falmouth-
Brunswick sequence of the Gushing Formation in southern
Maine, and possibly the Monson Gneiss, Amraonoosuc Vol-
canics, and Partridge Formation of the Bronson Hill
anticlinorium in central Massachusetts.
2. The Silurian strata of the Merrimack belt were de-
posited on sialic crust, and the unconformity is exposed
in the study area. Most of the Silurian cover rocks are
tentatively correlated with the Rangeley Formation of New
Hampshire and Maine. Among these rocks are many thin
map-units assigned to the Rangeley Formation, and it is
proposed that they probably belong in the lower part of
the formation. Several of the units near the base of the
Rangeley Formation are lithically similar to formations
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higher in the sequence, possibly confusing regional
correlations
.
3
.
The Pax-ton Formation in part may represent an
eastern facies of the Rangeley Formation.
4. The rocks are straight. The major structural
features are west-directed pre-met,amorphic thrust faults
that imbricate the area in a thrust-duplex structure
The thrust faults and possibly-related earlier isoclinal
folds are tentatively assigned to the west-directed nappe
stage of Acadian deformation. Tonalite bodies cut across
the thrust faults.
5. Peak, granulite-grade metamorphism post-dates the
tonalites, and therefore also post-dates the mapped
thrust faults.
6. Thin mylonites and map-scale shear zones deform
the tonalites and peak-metamorphic minerals. The my-
lonites and a pervasive east-west mineral lineation are
consistently east-directed, perhaps related to the
backfold stage of Acadian deformation. It is proposed
that much of central Massachusetts was overturned toward
the east during major regional backfolding.
7. Late, asymmetric minor folds may be related to the
dome stage of Acadian deformation. Coeval with these
folds is a shallow-plunging mineral lineation which cuts
the earlier lineation at a high angle.
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8. Strata of the Merrimack belt may have been
deposited on extended continental crust. Early
low-pressure metmorphism may be related to the proposed
extension. The Acadian orogeny may have resulted from
the closing of this late-Iapetus basin.
9. Under the proper conditions, calcium-rich garnet
may be produced from anorthite+calcite+quartz and
simultaneously from anorthite+wollastonite. Inves-
tigation of a scapolite-wollastonite-gamet rock
demonstrates a counterclockwise P-T path, supporting
previous interpretations from politic schists . The
conditions of pressure and temperature estimated from
this rock are similar to values reported from schists,
but suggest perhaps somewhat greater temperatures were
attained
.
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location of structure section (sec Plate 3)
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STRUCTURAL SYMBOLS
PLANAR FEATURES
*y strike and dip of bedding or compositional layering
"/ strike and dip of mctamorphic foliation
*y strike and dip of mylonitic foliation
2? strike and dip of crcnulalion cleavage
LINEAR FEATURES
trend and plunge i>f sillimanite lincation or other
mineral lineauon
trend and plunge of minor fold hinge, with rotation
sense indicated
SILURIAN
Sr ™7i
TP
'
ORDOVICIAN(?)
TO <
PROTEROZOIC(?)
mterlayercd purple biatitc granuliLeand
green calc-silicatc granulitc
- sulfidic sillimanite-biotitc-gamet schist
gray, quartz-si llimanitc-gainet-conJierite schist
with massive gronullte beds
Madrid Formation
- layered gray quartz-feldspar-biolile granulitc
and green calc-silicatc granulitc
- fcldspathic biou'tc schist
Smalls Falls Formation
- sulfidc-rich, sillimanite - Mg-bioiitc - graphite
schist with quartzitc beds
Rangelcy Formation
undifferentiated; predominanUy red- or rusty-
weallicring sillimanite-gamet schist with
interlaycred gray or greenish gray granulilcs
- grccn-stripcd granulitc
- silliman ite-garnet quart/ itc
- bedded diopsidc marble
- tliinly intcrbedded gray sillintanitc-garnci schist
and quartzitc
- slabby. layered gran utiles with prominent grccn-
spccklcd diopsidc calc-alicalc layers
< while, sulfidn. sillimanite- biolile-cordicritc schist
- dark-gray, sulfidic calc-silicaie granulitc
- thinly bedded quartz-rich sillimanilc-gamct-
biolite schist
- nisiy-wcathcring magneutc-gamct-gruncriie
gneiss
- garnet-doorknob granulitc
- gray-weathering quofii-biouie-iillimanitc-garnel
schist
< fcldspathic iilhmaniic-bioiiic-gamct gneiss and
schistose granulitc
- layered amphiboliie pod
Leadminc Pond Gneiss
- undifferentiated; predominantly gray, fcldspathic
corundum - game! * K-fcldspar gneiss
calc-silicatc granulitc
predominantly mafic gneiss, including pyroxene
granulitc and amphiboliie
rasvy-weathering sillimanite - K-fcldspar -
graphite schist
amphiboliie
gamel quartzitc; locally includes rusty schist
sillimonilc-gamcl-bioutc schist, commonly wiih
quartz-rich granulitc layers
interlaycred fclsic gneiss and amphiboliie
felsic gneiss
INTRUSIVE ROCKS
JURASSIC
DEVONIAN!?) <
DEVONIAN
OR
OLDER
Op
Dog
diabase dike
pegmatite
muscoviic pegmatite
granite
granite gneiss
felsic gneiss, undifferentiated
onhopyroxenc-bcaring gneiss
tonaliie gneiss
amphiboliie or gabbro
homblcnde-orttiopyroxene- spine I
ultramafic rock
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Geology by Henry N.Beiry IV, I983-1987
Topography torn trw rollowing editions or U. S. Geological Survey 7 1/2
quadrangles.
Waneji. Mass. 1969
Wales, Mass.-Conn. 1967
Souihbridge, Mass.-Conn. 1967
Wcsiford.Conn. 1970
Sources for supplemental ouicrops: .
.
, „
Warren, Mass. quadrangle - U.S.G.S. Map CQ-1358 <Pomen>y, 1977)
Wales MasS.-Conn,quadn1ngle-U.S.G.S.MapGQ-1320(Se 1derU"*)
Srd. Conn, quadrangle U.S.G.S. Map GQ4214 (Pepcr and Pease 1975)
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PLATE IS. GEOLOGIC MAP,
BRIMFIELD-STURBRIDGE AREA
(SOUTH SHEET)
PLATE 2N. STRUCTURAL DATA,
BRIMFIELD-STURBRIDGE AREA
(NORTH SHEET)
Locations of lettered areas:
n.
Itfj
EXPLANATION OF SYMBOLS
STRUCTURAL SYMBOLS
PLANAR FEATURES
w/ strike and dip of bedding or compositional layering
**/ sirikc and dip of metamorphic foliation
strike arid dip of mylonilic foliation
78^ strike and dip of crenulation cleavage
LINEAR FEATURES
' trend and plunge of sillimanite iincation or other
mineral lineation
17
trend and plunge of minor fold hinge, with rotation
sense indicated
•
:
St' ^vr^ O'Jh / X ' /' ^L-^ ' y-»Sr MAP LINES
B
boundary of lettered area
A location of structure section (see Plate 3)
lighUy constrained well constrained approximate
A.
.A. A.
geologic contact
overturned thrust fault;
teeth on originaJ upper plate
mylonitc zone with reverse motion;
teeth on hanging wall
high angle fault; motion uncertain
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